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SUMMARY 


Development  of  a  high  temperature  vacuum  carburizing  procedure  for  AISI  9310 
gear  steel  was  accomplished  during  this  program.  Use  of  this  procedure 
significantly  reduced  processing  time  of  gears,  which  can  lead  to  a  reduction 
in  acquisition  costs.  The  procedure  was  utilized  to  process  surface  contact 
fatigue,  single-tooth  bending  fatigue,  scoring,  spur,  and  spiral  bevel  test 
gears.  The  data  obtained  from  the  testing  and  evaluation  of  these  components 
was  equal  to  or  greater  than  similar  data  from  conventionally  carburized 
material.  No  significant  variation  in  the  vacuum  carburize  test  data  was 
observed  from  two  mill  heats  of  material.  Following  evaluation  of  these  test 
gears,  a  spiral  bevel  input  pinion  gear  was  produced,  vacuum  carburized,  and 
then  tested  in  an  actual  helicopter  transmission.  Metallurgical  evaluation  of 
the  tested  gear  showed  that  it  met  the  same  performance  standards  required  of 
a  conventionally  carburized  gear. 

In  addition,  a  vacuum  carburization  procedure  was  investigated  for  the  Vasco 
X2M  alloy.  Although  a  procedure  for  Vasco  X2M  was  developed,  it  was  not 
optimized.  The  data  generated  for  this  alloy  is  presented. 


Ill 


PREFACE 


This  final  contract  report  covers  the  work  performed  under  contract 
0AAG646-82-C-C034  front  April,  1982  to  February,  1990  by  Boeing  Helicopters. 

The  program  was  administered  under  the  technical  direction  of  Dr.  Paul  Foplano 
(1982-1988)  and  Dr.  Martin  Wells  (1988-1990),  U.S.  Army  Materials  Technology 
Laboratory,  Metals  Research  Branch,  Watertown,  MA  02172. 

The  work  was  performed  by  8oe1ng  Helicopters  Materials  Engineering  Department. 
Phase  I  of  this  program  was  conducted  under  the  technical  direction  of  Mr. 
Gayle  8.  Wadsworth,  former  Manager  of  the  Materials  Engineering  Department. 
Phases  II,  III,  and  ;V  were  conducted  under  the  technical  direction  of  Mr.  Roy 
J.  Cunningham,  Chief  Metallurgist,  Metallic  Materials  Engineering  Department, 
and  Mr.  Ray  Drago,  Staff  Engineer,  Oynamic  Systems  Tecnnology  Department. 

'he  major  subcontractors  for  the  program  were  C.I.  Hayes,  Inc.,  Cranston,  PI. 
and  Summit  uear  Corporation,  Plymouth,  MN. 


1  v 


ACKNOWLEDGEMENTS 


Acknowledgement  Is  made  to  Mr.  Stan  Casper  of  C.t.  Hayes  for  his  cooperation 
and  assistance  in  developing  the  vacuum  carburizing  procedures,  as  well  as 
heat  treatment,  of  certain  test  specimens. 

Acknowledgement  Is  also  made  to  Messrs.  Maurice  Taylor  and  Kenneth  Anderson  of 
Summit  Gear  Corporation  for  their  cooperation  and  assistance  <n  the  timely  and 
efficient  machining  and  heat  treatment  of  the  test  specimens. 

Acknowledgement  Is  also  made  to  the  following  people  who  participated  In 
gathering  and  disseminating  the  data  contained  In  this  report. 

Mr.  B.  Bout  1 1  ier 
Mr.  E.  Slate 
Mr.  J.  Kache1r.es 
Mr.  M.  Brody 
Mr.  B.  Johnson 
Mr.  G.  Turk 
Ms.  P.  Conyers 

r  ■  -  . 

■  -  J  ■ 


i/W  :  : 


V 


TABLE  Of  CONTENTS 


SECTION  PAGE 

1.  Introduction .  1 

2.  Objective .  3 

3.  Summary  of  Techn'cal  Approach .  4 

4.  Experimental  Procedures .  6 

4.1  Vendor  Selection .  6 

4.2  Mater^i  Selection .  7 

4.2.1  Material  and  Processing  -  Phases  I  and  IV .  7 

4.2.2  Material  and  Processing  -  Phase  II .  14 

4.2.3  Material  and  Processing  -  Phase  III .  15 

4.3  Description  of  Phase  I  and  IV  Test  Procedures .  17 

4.3.1  Geared  Roller  Test .  17 

4.3.2  Single  Tooth  Bending  Fatigue  Test. .  19 

4.3.3  Scoring  Test .  25 

4.4  Description  of  Phase  II  Test  Procedures .  37 

4.4. 1  Spur  Gears .  38 

4.4.2  Spiral  Bevel  Gears . 38 

4.4.3  Spur  and  Spiral  Bevel  Gear 

Fabrication  and  Testing .  39 

4.5  Description  of  Phase  III  Test  Procedures .  45 

5.  Results  and  Discussion .  46 

v  1 1 


5.1  Phase  I  -  Vacuum  Carburize  Development .  46 

5.1.1  Development  of  the  Vacuum  Carburize  Cyc'e 

for  the  Vasco  X2M  Gear  Material .  46 

5.1.2  Development  of  the  Vacuum  Carburize  Cycle 

for  the  9310  Gear  Material .  56 

5.1.3  Geared  Roller  Test  Results  for  X2M 

and  9310 .  74 

5.1.4  Single  Tooth  Bending  Fatigue  Ufe  Test 

Results .  90 

5.1.5  Scoring  Test  Pesults .  94 

5.2  Phase  II  -  Surface  Durability  Evaluations .  104 

5.2.1  Introduction  .  104 

5.2.2  Analysis  and  Results  of  9310  Gear  Tests  .  105 

5.3  Phase  lit  -  Vacuum  Carburized  Gear  Testing  and 

implementation  Plan  .  109 

5.3.1  Vacuum  Carburized  Gear  Testing .  109 

5.3.2  Implementation  Plan .  113 

5.4  Phase  IV  -  Further  Development  of  the  Vacuum 

Carburization  Procedure  for 

Vasco  X2M  . 118 

6.  Summary  and  Conclusions .  129 

6.1  AISI  9310  Material  .  129 

6.2  VASCO  X2M  Material  .  130 


Vi  11 


7.  Recommendations  . 132 

8.  References  .  133 

9.  Glossary  .  134 

10.  Appendices .  135 

A.  Carpenter  technology  ^est 

Certificate  for  9310  Material  .  A-l 

8.  Caroerter  Technology  Test 

Certificate  for  9310  Material  .  3-1 

C.  Carpenter  Technology  Test 

Certificate  for  X2M  Material  .  C-! 

D.  Carpenter  Technology  Test 

Certificate  for  9310  Material  .  0-1 

E.  Test  Roller  Specimen  for  Geared 

Roller  Test,  Drawing  Number  SK20895  .  E-l 

E.  Crowned  Test  Roller  for  Geared  Roller 

Test,  Drawing  Number  SK 29652  .  E-l 

G.  Single  Tooth  Bending  Fatigue  Test 

Gear,  Drawing  Number  SK29572  .  G-l 

H.  Scoring  Fatigue  Test  Gear  Orawlng 

Number  SK29571  .  H-l 

I.  Teleydne  Vasco  Analysis  Report 

of  X2M  Material  .  1-1 

lx 


J.  Statistical  Analysis  Method  of 

Single  Tooth  Bending  fatigue  data  .  J-l 

* .  t'ng’nee''’rg  Drawings  o‘  Spur 

Test  Gears  . . .  K- 1 

L.  Engineering  Drawings  of  Sp'ral 

Beve’  Test  Gear  .  L- 1 


M,  formula  for  determining  Elective 
Case  Depth  ( R/C  50)  of  X2M 


Carburi;i-.g  Stee1  .  M-i 

V  Hayes  jic jum  CarDu'^ing 

Evaluations  for  9310  .  n-1 

C.  3eared  3c''er  test  Machine  Draw'-g  .  .'-I 

p.  Geared  Roller  Paw  Test  Oata  .  ?-l 

0.  Single  Tootn  Bending  Fatigue 

Test  Pa*  Oata  .  C- 1 

R.  Score  Test  Raw  Oata  .  P-1 

S.  Spiral  Bevel  Input  Pinion 

Gear  Orawt ng  . .  S- 1 

Boeing  Helicopters  Materials  Engineering 

Laboratory  Report  88- 164  .  T-1 


X 


LIST  Of  FIGURES 


FIGURE  PAGE 

1.  Overview  of  Aircraft  Quality  High 

Temperature  Vacuum  Carburizing  Program .  5 

2.  Vacuum  Carburize  Program  Test  Requirements  For 

Phase  1 .  8 

2.  Process  Flow  Diagram  For  Phase  1 .  10 

J.  Sectioning  Pattern  for  Raw  Material .  11 

5.  Geared  Roller  Test  Setup .  18 

6.  Single  Tooth  Bending  Fatigue  Test  Fixture .  22 

7.  Gear  Research  Test  Facility .  28 

8.  Scoring  Test  Setup .  29 

9.  Research  Test  Stand  Overhung  Configuration .  30 

10.  Insulated,  Temperature  Controlled  Test  Oil 

Supply  Tank .  32 

11.  Cooling,  Lubrication,  and  Fllcerlng  System .  33 

12.  Scoring  Test  Procedure .  35 

13.  Test  Stand  for  Surface  Durability  Testing .  91 

19.  Effective  Case  Depth  of  X2M,  Vacuum  Carburized 

at  1,750’F . 

x  1 


50 


15.  Carbon  Content  Near  the  Surface  of  VASCO  X2M 

Carburized  at  1,750  :F  .  51 

16.  Case  Micostructure  of  vacuum  Carburized  X2M 
Consisting  of  Heavy,  Interconnected  Carbides  in  a 
Tempered  Martensite  Matrix.  The  As-ground 

Condition  Is  Shown  .  54 

17.  Core  Microstructure  of  Vacuum  Carourized  X2M 
Consisting  of  tempered  martensite.  Arrows 

Indicate  Areas  of  the  Free  Ferrite  .  55 

IS.  Effective  Case  Dept"  of  a  I S  C  9310  vacuum 

Carburized  at  1,900!F  .  58 

19.  Case  Micostrjcture  of  Vacuum  9310  Carburized 
at  1 ,900JF.  structure  Consists  of  Large 
Tempered  Martensite  Needles,  fieta-red  Austenite, 

and  Some  Carbides  .  59 

20.  Core  Microstructure  of  9310  Vacuum  Carburized 
at  1,900“F.  Structure  Consists  Primarily  of 

Tempered  Ma-tenslte  .  60 

21.  Rotating  Fatigue  Test  Gear  (Left)  and  Single  - 
Tooth  Fatigue  Test  Gear  (Right)  Vacuum 
Carburi2ed  to  2,000°F.  Certer  web  Sections  were 

Copper  Plated;  The  Teeth  were  Not  .  63 

22.  Magnified  View  of  Test  Gear  Shown  in  Figure  58. 

Copper  is  Seen  on  Tooth  Type  (arrow)  .  64 

23.  Flank  Area  of  Gear  Tooth  Snowr  'n  Figure  5.9. 

Arrow  Indicates  Copper  on  iootn 

xi  1 


65 


24.  Root  Area  of  Gear  Tooth  Shown  on  Figure  22. 

Arrow  Shows  Copper  Penetrating  Into  the 

9310  Substrate  .  66 

25.  Acceptable  Hardness  Profile  in  Root  of  Gear 
in  Advertently  Exposed  to  2,000”F.  Compare 
to  Figure  26  Showing  Unacceptable  Hardness 
Profile  in  Another  Root  Oue  to  Cooper 

Penetration  .  67 

26.  Unacceptable  Hardress  Profile  In  Root  of  Gear 
Exposed  to  2,000Jf.  Profile  ;s  Unacceptable  to 
Copper  Penetration  Into  Surface.  Compare 

to  Figure  25  Showing  Acceptable 

Hardware  Profile  .  63 

27.  Case  Microstructure  of  9310  Steel  Vacuum 
Carburized  at  1,800’F.  The  Structure  Is 
Prima-’ly  Martensite  With  Some  Precipitate 

Carbide  at  the  Surface  .  72 

28.  Core  Microstructure  of  9310  Steel  Carburized 
at  1,800”F.  Structure  Consists  of 

Tempered  Martensite  .  73 

29.  Gear  Roller  Test  Machine .  7b 

30.  Test  and  Slave  Roll  for  Geared  Roller  Testing .  76 

31.  Helbull  Plot  of  Gear  Roller  Test  Oata  for  AISI 

9310  Vacuum  Carburized  at  1,900°F  .  80 


-Ml 


32. 


welbull  Plot  of  Gear  Roller  Test  Oata 
for  A I S  T  9310  Vacuum  CarDurlzed  at 

1 ,800'F  .  81 

33.  Welbull  Plot  of  Gear  Roller  Test  Oata  for 

AISI  9310  and  Vasco  X2M .  82 

34.  Comparison  of  Rolling  Contact  Fatigue 
Lives  of  Conventional  vs  Vacuum 

Carburized  Steel  .  84 

35.  Vasco  X2M  Geared  Roller  Test  Specimen  .  86 

36.  Case  Microstructure  of  X2M  Geared  Roller 

Test  Specimen .  87 

37.  Core  Microstructure  of  X2M  Geared  Roller 

Test  Specimen .  88 

38.  Single  Tooth  Bending  Fatigue  Life  Oata  for 

Vacuum  Carburized  DVM  9310 .  91 

39.  Single  Tooth  Bending  Fatigue  Life  Oata  of 
Conventionally  Carburized  DVM  9310. 

Data  from  Boeing  Helicopters  Test 

Report  MF-370  .  92 

40.  Single  Tooth  Bending  Fatigue  Life  Oata  for 
Conventionally  Carburized  Air  Melt  9310.  Oata 

from  Boeing  Helicopters  Document  0210-10025-1  .  94 


*  i  v 


41.  Single  Tooth  Bending  Fatigue  Life  Oata  of 
Nonoptomlzed  Vacuum  Carburized  Vasco  X2M  From 

Two  Heats  and  Two  Heat  Treaters  .  95 

42.  Single  Tooth  Bending  Fatigue  Life  Oata 
of  Nonoptlmlzed  Vacuum  Carburized  Vasco 

X2M  From  Ml  1 1  Heat  1  .  96 

43.  Single  Tooth  Bending  Fatigue  Life  Oata 

of  Nonoptlmlzed  Vacuum  Carburized  Vasco  X2M 

From  Mi  1 1  Heat  2  .  97 

44.  Single  Tooth  Bending  Fatigue  Life  Oata  of 
Nonoptlmlzed  Vacuum  Carburized  X2M  From 

Heat  Treat  Vendor  A  .  98 

45.  Single  Tooth  Bending  Fatigue  Life  Oata  of 
Nonoptlmlzed  Vacuum  Carburized  X2M  From 

Heat  Treat  Vendor  B  .  99 

46.  Single  Tooth  Bending  Fatigue  Life  Oata  of 
Conventionally  Carburized  Vasco  X2M. 

Oata  From  Boeing  Helicopters  Oocument 

0210-10345-1  .  100 

47.  Scoring  Test  Results  for  Vasco  X2M  and  A15I  9310  .  103 

48.  Spur  Gear  Durability  Test  Oata  For  Vacuum 

Carburized  9310 .  106 

49.  Spiral  Bevel  OurablUty  Test  Oata  For  Vacuum 

Carburized  9310  . 107 

50.  Spur  Gear  Durability  Test  Oata  for  Conventionally 
Carburized  Air  Melt  9310  Oata  From  Boeing 

Helicopters  Oocument  0210-10193-1  .  108 


XV 


51.  CH-47C  Spiral  Bevel  Pinion  Gear, 

P/M  11405245-  10,  S/N  M5373  .  110 

52.  Location  of  Spiral  Bevel  Input  Pinion  Gear 

in  CH-47C  Transmission .  Ill 

53.  Case  Microstructure  of  Vacuum  Carburized 
9310  Spiral  Bevel  Gear.  Structure  is 

Prif.iarily  Tempered  Martensite  .  114 

54.  Core  Microstructure  of  Vacuum  Carburized 
9310  Spiral  Bevel  Gear.  Structure  is 

Primarily  Tempered  Martensite  .  115 

55.  Vacuum  Carburized  9310  Gear  Tooth  Surface .  116 

56.  Case  Micros^ructure  of  X2M  Resulting  from  Vacuum 

Carburization  Run  IV-3 .  121 

57.  Higher  Magnification  of  the  Microstructure 

Shown  In  Figure  57  .  122 

58.  Case  Microstructure  of  X2M  Resulting  from 

Vacuum  Carburization  Run  [V-4  .  123 

59.  Case  Microstructure  of  X2M  Resulting  from 

Vacuum  Carburization  Run  IV- 5  .  125 

60.  Case  u1crostruct;:re  of  X2M  Resulting  from 

uacuum  Carburization  Run  [V-6  .  127 

61.  Single  Tooth  8end1ng  Fatigue  Life  Data  of 

X2M  Vacuum  Carburization  by  Run  IV-6 .  128 

xvi 


list  of  tables 


table  page 

1.  Nominal  Chemical  Compositions  of  Vasco 

X2M  and  AISI  9310  Gear  Steels  (weight  percent)  .  9 

2.  Details  of  Material  Used  in  Phase  I  .  12 

3.  Stabl 1 izatlon  Heat  Treatments  .  13 

4.  Test  Specimen  General  Oeslgn  Parameters  - 

Spur  Gears  .  38 

5.  Test  Specimen  General  Oeslgn  Parameters  - 

Spiral  Bevel  Gears  .  39 

6.  Vacuum  Carburize  X2M  Experimental  Procedures .  47 

7.  Metallurgical  Test  Results  of  VASCO  X2M 

Vacuum  Carburized  at  1,750°F  .  48 

8.  Metallurgical  Test  Results  of  VASCO  X2M 

Vacuum  Carburized  at  1,800°F  .  53 

9.  Rolling  Contact  Fatigue  Lives  ( X  10s  cycles) 

of  9310  Vacuum  Carburized  at  1,900’F  .  69 

10.  Test  Gears  Manufactured  from  AISI  9310  Vacuum 

Carburized  at  1,800'F  .  74 

11.  Geared  Roller  Test  Specimen  Identification .  79 

12.  9310  Rolling  Contact  Fatigue  Life  Comparison 

Material  Vacuum  Carburized  at  1800"F  .  83 


XV  1  1 


13.  Metallurgical  Oata  of  Geared  Roller  Test 

Specimens .  89 

14.  Scoring  Test  Results .  102 


*  V  1  1  1 


1.  INTRODUCTION 


Carburization  is  one  of  the  most  costly  and  time  consuming  operations  required 
in  the  manufacture  of  critical  helicopter  transmission  components.  The 
process  provides  a  gear  with  a  hardened  tooth  surface  (after  the  teeth  are 
cut)  by  the  diffusion  of  carbon  Into  the  steel.  After  proper  hardening, 
surface  hardnesses  of  Rockwell  C  (R/C)  59-64  are  obtained.  The  hard, 
carburized  surface  Imparts  excellent  wear  resistance  properties  as  well  as 
increases  the  load  carrying  capability  of  the  component.  Depending  on  the 
steel  utilized,  a  degree  of  scoring  and  scuffing  resistance  is  also  attained. 
However,  conventional  endothermic  carburizing  processes  require  not  only  long 
pi ocess  times  of  up  to  35  hours  (dependent  upon  the  desired  effective  case 
cepth*),  but  Significant  amounts  of  energy  Input  in  the  form  of  both 
electricity  and  natural  gas.  Special  masking  techniques  and  atmosphere 
controls  are  also  necessary. 

vacuum  carburizing,  which  Is  a  relatively  new  (1970's) ,  advanced  carburizing 
process,  has  been  recognized  as  an  energy  and  cost  effective  alternative  to 
conventional  endothermic  carburization.  It  has  permitted  the  use  of  higher 
carburization  temperatures,  which  can  reduce  carburization  cycle  times  from  as 
great  as  two  weeks  to  less  than  one  day.  Energy  Input  can  be  reduced  In 
proportion,  furthermore,  gaseous  atmospheres  are  not  needed  for  subsequent 
hardening  operations. 

Oespite  these  advantages  the  aerospace  industry.  In  general,  has  not  been 
sufficiently  convinced  that  vacuum  carburization  could  be  applied  to  critical 
aircraft  components.  However,  development  of  a  high  temperature  technique  In 
recent  years  has  altered  this  thinking.  Primarily  through  the  efforts  of  the 
C.l.  Hayes  Company  In  Cranston,  RI,  a  vlaole  process  has  been  developed  which 
has  been  applied  to  coimerclal  components.  However,  qualification  of  the 
process  for  aerospace  applications  by  testing  specimens  and  helicopter 
transmission  gears  had  not  yet  been  accomplished  until  this  program  was 
completed. 

‘Effective  case  depth  is  defined  as  the  perpendicular  distance  from 
the  surface  to  a  depth  below  the  gear  tooth  surface  at  which  R/C  50 


occurs. 
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Boeing  Helicopter;  took  a  special  Interest  In  this  program  because  of  Its  use 
cf  advanced,  state-of-the-art  carburization  and  heat  treating  practices  for 
processing  high  hot  hardness  alloys  in  its  advanced  helicopter  transmissions. 
Boeing  Helicopters  has  utilized  the  experience  gained  from  such  heat  treating 
practices  to  Implement  the  use  of  the  advanced  high  hot  hardness  Vasco  X2M 
material  in  the  CH-47  D  &  E  model  helicopter  transmissions.  Boeing  developed 
the  heat  treat  procedures  for  carburizing  X2M  as  well  as  numerous  other  high 
hot  hardness  alloy  steels.  In  addition,  they  have  been  Involved  In  the 
development  of  vacuum  heat  treating  since  Its  conception  In  the  early  1970's, 
and  have  been  highly  Interested  In  the  advantages  of  this  type  of  processing 
over  the  much  slower  endothermic  process.  In-house  research  and  development 
( I  RAD )  programs  showed  the  feasibility  of  vacuum  carburizing  both  the  9310  and 
Vasco  X2M  alloys.  Data  obtained  under  these  IRAQ  programs  on  several  test 
slugs  from  various  vacuum  carburizing  runs  showed  that  uniform  carburization 
nay  be  obtained,  and  cycle  times  and  energy  usage  could  be  decreased. 

To  make  effective  jse  of  vacuum  carburizing  In  processing  aerospace  gear 
materials,  the  process  had  to  be  qualified  by  evaluating  various  vacuum 
rarburi2ed  gears,  as  was  done  in  this  program.  Successful  development  of  the 
vacuum  carburizing  procedure  can  reduce  gear  processing  time,  energy 
consumption,  and  the  cost  of  Army  helicopter  transmissions. 

Successful  completion  of  this  program  led  to  the  following: 

(a)  Generation  of  a  high  temperature  vacuum 
carburizing  procedure  for  A  IS  I  9310  and  Visco  X2M  gear 
steels 

(b)  Data  to  qualify  the  process  for  aerospace 
components  made  from  AISI  9310 

(c)  An  implementation  plan  for  deploying  the  vacuum 

carburization  process  Into  the  production  of  helicopter  transmission 
components. 


? 
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OBJECTIVE 


Tie  objective  of  this  program  was  to  develop  a  high  temperature  vacuum 
carburizing  technique  for  two  gear  mateHa's  which  are  presently  being  used  ‘n 
helicopter  transmissions.  Development,  qualification,  and  incorporation  of 
tnese  procedures  into  production  processing  wi'l  result  in  significant  cost 
savings  through  the  use  of  higher  carburization  and  heat  treat  temperatures 
tnat  will  shorten  production  process  cyc'es.  Accomplishing  carburization  ar.g 
heat  treatment  under  vacuum  conditions  win  eliminate  the  need  tor  pre-heat'-g 
tne  part  prior  to  heat  treatment  (necessary  for  high  hot  hardness  gear  stee's) 
and  will  yie'd  an  energy  savings  due  to  lower  usage  of  atmosphere  gases. 
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3.  SUMMARY  OF  TECHNICAL  APPROACH 


The  program  developed  for  the  qualification  of  high  temperature  vacuum 
carpyrizing  Is  graphically  presented  in  Figure  1.  This  program  was  initially 
designed  to  be  conducted  in  three  phases,  in  Phase  I,  two  heats  of  the  A I S I 
9310  and  VASCO  X2M  steel  alloys  were  obtained,  the  vacuum  carburization 
procedures  were  developed  utilizing  two  vendors,  and  gear  element  testing  was 
conducted.  In  Phase  II,  spur  and  beve'  gears  were  produced  and  vacuum 
carpurized  using  the  procedures  optimized  in  Phase  I.  The  surface  durability 
of  these  gears  was  then  evaluated.  In  Phase  III,  a  vacuum  carburized  input 
spinal  bevel  transmission  gear  was  tested  in  a  Boeing  Helicopters  CH-47C 
compin‘rg  transmission,  and  a  plan  to  ‘implement  the  optimized  vacuum  carbur¬ 
ization  procedure  into  production  was  developed.  However,  during  the  course 
of  the  program,  a  fourth  Phase  was  added  in  which  further  development  of  the 
vacuum  carburization  procedure  for  the  X2M  ailoy  was  conducted.  The  original 
Phase  I  evaluations  were  not  extensive  enough  to  allow  the  vacuum 
carburization  procedure  fjr  the  X2M  alioy  to  be  fully  developed  and  optimized. 
Unfortunately ,  the  scope  of  the  entire  program  did  not  allow  for  the  complete 
optimization  of  tne  vacuum  carburization  procedure  for  X2M  in  Phase  IV,  nor 
for  the  subsequent  component  and  full  scale  gear  testing  (Phases  II  and  III) 
that  was  to  be  conducted  in  parallel  with  that  done  on  the  vacuum  carburized 
9310  material . 
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PHASE  I 

•  Procure  2  heats  of  9310  and  X2M 

•  Develop  vacuum  carburization 
process  for  each  alloy 

•  Produce  and  test  vacuum 
carburized  gear  elements 

I 

PHASED 

•  Produce  and  test  vacuum 
carburized  spur  and  spiral  bevel 
gears 

I 

PHASE  III 

•  Produce  and  testa  vacuum 
carburized  spiral  bevel  gear  in  a 
CH-47C  helicopter  transmission 

•  Develop  implementation  plan 


V _ 

PHASE  IV 

•  Additional  development  of 
vacuum  carburization  process  for 
X2M 


Figure  1.  Overview  of  aircraft  quality  high  temperature  vacuum 
carburizing  program 


5 


4.  experimental  procedures 


4.1  VENOOR  SELECTION 


The  prime  vacuum  carburizing  vendor  was  the  C.I.  Hayes  Company  in  Cranston, 

RI.  C.I.  Hayes  has  been  in  the  forefront  of  vacuum  heat  treating  technology 
due  to  its  development  of  high  quality  vacuum  carburizing  furnaces.  They  are 
the  recognized  leader  in  the  vacuum  furnace  industry  and  have  been  working  on 
various  high  temperature  vacuum  carburizing  procedures  for  many  different 
materials.  They  developed  a  vacuum  carburizing  process  for  9310  steel  as  well 
as  the  curves  for  the  entire  case  thickness  range.  In  addition,  they  have 
worked  extensively  with  Boeing  Helicopters  in  furthering  the  development  of  a 
vacuum  carburizing  procedure  for  the  Vasco  X2M  material. 

Summit  Gear  Company  in  Plymouth,  MN  was  selected  to  machine  all  of  the  test 
gears  for  this  program  and  perform  various  carburization  heat  treatments.  They 
are  a  qualified  source  for  manufacturing  and  heat  treating  aerospace  gears. 

In  addition,  they  have  the  latest  C.I.  Hayes  Vacuum  Seal  Quench  (VSQ) 
carburl2lng  furnace  available  to  Industry,  and  are  familiar  with  the  9310  and 
Vasco  X2M  alloys. 


These  two  prime  vendors,  as  well  as  the  other  vendors  utilized  In  this 
program,  are  listed  below  with  a  brief  description  of  the  services  provided  by 
each: 

VENOOR  SERVICES  PROVIDED 


C.I.  Hayes,  Inc. 

800  Wellington  Avenue 
Cranston,  RI  02910 


Development  of  Vacuum  Carburize 
Cycles  for  Vasco  X2M  &  9310;  Heat 
Treatment  of  Certain  Test  Specimens 


Sunwit  Gear  Corp. 
3131  Vicksburg  Lane 
Plymouth,  MN  5544? 


Machining  of  all  Test  Specimens  and 
Heat  Treatment  of  Certain  Test 
Specimens 


Teledyne  Vasco  Raw  Material  -  Vasco  X2M 

P.0.  Box  151 
Latrobe,  PA  15650 


Carpenter  Steel  Company 
Reading,  PA  19612 


Raw  Material  -  Vasco  X2M  and  9310 
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Stulen  Machine  Company  Rough  Machining  of  Billets 

4693  Peoples  Road 
Pittsburgh,  PA  15237 

Litton  Precision  Gear  Co.  Stabilization  Heat  Treatment  of  All 

4545  Western  Avenue  Specimen  Blanks 

Chicago,  IL  60609 

4.2  MATERIAL  SELECTION 

The  materials  evaluated  In  this  program  were  AISI  9310  and  Vasco  X2M  gear 
steels,  both  of  which  were  double  vacuum  melted  utilizing  Vacuum  Induction 
Melting-Vacuum  Arc  Remelting  (VIM-VAR)  processing.  AISI  9310  gear  steel  was 
selected  because  it  Is  one  of  the  most  common  steel  alloys  that  has  been  used 
for  transmissions  over  the  past  many  years.  Vasco  X2M  was  selected  because  it 
is  an  advanced  high  hot  hardness  alloy  with  exceptional  properties  for  use  in 
higher  perfornance/temperature  transmissions.  The  9310  and  X2M  alloys  were 
produced  according  to  Boeing  Helicopters  specifications  BMS  7-249,  Type  III, 
and  BMS  7-223,  Type  III,  respectively. 

X2M  Is  presently  being  carburized  using  Boeing  Helicopters  patented  heat  treat 
procedure  (Reference  1)  and  is  the  only  high  hot  hardness  gear  steel  in  use 
today  which  has  been  fully  tested  and  qualified  for  use  In  helicopter 
transmissions.  Presently,  X2M  is  being  used  for  all  critical  main  drive 
system  components  in  the  CH-470  and  E  Model  helicopters.  The  CH-47D  and  E 
programs  Involve  the  modification  of  more  than  350  aircraft.  It  Is  noteworthy 
that  vacuum  carburizing  the  Vasco  X2M  material  would  eliminate  the  need  for 
the  proprietary  preoxidation  process  (Reference  1)  which  must  be  accomplished 
to  uniformly  endothermically  carburize  the  steel. 

4.2.1  Material  and  Processing  -  Phases  I  and  IV 

A  detailed  schematic  showing  the  test  requirements  for  Phase  I  Is  shown  In 
Figure  2. 

The  nominal  chemistries  of  the  two  alloys  used  In  the  program,  i.e.,  9310  arc 
X2M,  are  shown  In  Table  1.  The  mill  certifications  for  these  alloys  are  shown 
In  Appendixes  A  through  0. 
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TEMPERATURE  VACUUM  CARBURIZING  -  PHASE  I 


TABLE  1.  NOMINAL  CHEMICAL  COMPOSITIONS  OF  VASCO  X2M 
AND  A I S I  9310  GEAR  STEELS  (WEIGHT  PERCENT) 


Material  Composition  (%) 


Element 

Carbon 

Silicon 

Manganese 

Sulphur 

Phosphorus 

Tungsten 

Chromium 

Vanadium 

Molybdenum 

Nickel 


Vasco  X2m 


0.15 

0.90 

0.30 

0.010  Max 

0.015  Max 

1.35 

5.00 

0.45 

1.40 


9310 


0.10 

0.27 

0.55 

0.010  Max 
0.010  Max 

1.20 

0.19 

3.25 


A  detailed  flow  diagram  showing  the  materials  and  procedures  used  to  process 
test  specimens  for  Phase  I  is  shown  in  Figure  3.  A  schematic  showing  the 
sectioning  pattern  for  the  raw  material  with  the  grain  direction  noted  for 
various  specimens  is  illustrated  in  Figure  4.  Table  2  details  the  mill  heats, 
start  and  finish  sizes  of  material,  as  well  as  the  work  ratio,  l.e.,  the 
amount  of  work  reduction  of  the  Ingot  to  billet  used  for  all  the  Phase  I 
material . 

The  raw  material  was  shipped  from  Teledyne  Vasco  Co.  or  Carpenter  Steel  Co.  to 
Stolen  Machine  Company,  where  it  was  machined  into  surface  contact  fatigue, 
single  tooth  bending  fatigue,  and  rotating  fatigue  test  specimen  blanks. 
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GRAIN 


SLICE  INTO  4  SEGMENTS 


I 


SINGLE  TOOTH  BENDING  FATIGUE 
AND 

SCORING  TEST  GEARS 


Figure  4  Sectioning  pattern  for  raw  material 
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TA8LE  2. 

DETAILS  OF  MATERIALS  USED 

IN  PHASE 

I 

MILL 

MATERIAL  HEAT 

START 

SIZE 

FINISH  WORK 
SIZE  RATIO 

USED 

TO 

MAKE* 

MATERIAL 

LABELED 

DASH 

NO. 

Vasco 

X2M 

5842A  20 

In.  Round 

8.25  In.  5.8:1 

30  GR 

A 

(Teledyne 

Round 

8  STBF 

A 

-1 

Vasco) 

20  RF 

A 

Vasco 

X2M 

86510  20 

In.  Round 

8.5  In.  4.4:1 

30  GR 

B 

(Carpenter 

RCS 

8  STBF 

B 

-2 

Steel ) 

20  RF 

8 

9310 

86670  20 

In.  Round 

8.4  in.  4.5:1 

30  GR 

C 

(Carpenter 

RCS 

8  STBF* 

C 

-3 

Steel) 

20  RF* 

C 

9310 

86043  20 

In.  Round 

8.5  In.  5.5:1 

45  GR 

D 

(Carpenter 

Pound 

8  STBF** 

D 

-4 

Steel ) 

20  RF** 

D 

9310 

87885-2  20 

In.  Round 

8.5  In.  5.5:1 

8  STBF 

F 

-10 

(Carpenter- 
Steel  ) 

?C  RF 

F 

-10 

*GP: 

Gear 

Roller  Test 

Specimen; 

STBF:  Single  Tooth  Bending  Fatigue  Specimen; 

RF:  Rolling  Contact  Fatigue  Life  Specimen. 


**Not  tested  due  to  poor  microstructure  which  developed  at  1,900°F  vacuum 
carburization  temperature. 
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Hill  certifications  for  all  the  material  are  shown  in  Appendixes  A  through  D. 
All  specimen  blanks  were  shipped  to  Litton  Precision  Gear  Company  where  each 
was  stabilization  heat  treated  as  shown  in  Table  3. 


TABLE  3.  STABILIZATION  NEAT  TREATMENTS 


Vasco  X2M 

1.700'E  -  2  Hours 
1,850;F  -  I  1/4  Hours 
Oil  Quench 

Draw  ■ ,200  F  -  3  Hours 


9310 

l.tOQ’F  -  2  Hours 
I  ,S25  F  -  2  1/4  Hours 
Oil  Quench 

Draw  1,000‘F  -  4  Hours 


"ne  primary  purpose  of  this  treatment  is  to  produce  a  martensite  structure  in 
the  material  prior  to  macnining  to  ernance  machinaoi 1 i ty  and  to  decrease 
distortion  which  could  occur  during  subsequent  carburizing  and  hardening. 

After  stabl 1 Ization  heat  treatment,  all  spec. men  blanks  were  shipped  to  Summit 
Gear  Company.  Summit  machined  and  ground  all  specimens  to  the  $K  drawing 
dimensions  shown  in  Appendices  E-H,  and  carburized  and  heat  treated  half  of 
them.  C.I.  Hayes  carburized  and  heat  treated  the  remainder  of  the  specimens. 
Several  comments  are  given  concerning  the  specimen  machining. 

a)  The  geared  roller  test  rolls  all  had  0.010-inch  of  grind  stock  per 
side,  while  the  test  gears  had  0.005-inch  of  grind  stock  per  tooth 
surface. 

b)  All  carburized  surfaces,  including  the  complete  tooth  profile,  were 
ground  to  finish  dimensions. 

c)  All  components  were  temper  etch  inspected  per  8oeing  Helicopters  BAC 
5436  requirements  after  final  grinding. 

d)  After  temper  etching,  all  parts  were  tempered  for  four  hours  minimum 
at  a  temperature  50 3 F  belcw  the  tempering  temperature  of  the 
material . 

e)  All  parts  were  magnetic  oart-c'e  inspected  per  Boeing  Helicopters 
BAC  5424  requirements  prior  to  testing. 
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f)  Manufacturing  plans  were  submitted  to  Boeing  Helicopters  by  Summit 
Gear  for  all  test  components.  Each  plan  was  reviewed  and  approved 
as  required. 

The  rough  machining  of  test  specimens  from  the  blank  pancake  forgings  was 
accomplished  by  bobbing  all  of  the  gear  teeth.  Teeth  were  then  removed  from 
the  single  tooth  bending  fatigue  specimens  as  required. 

following  vacuum  carburizing  and  heat  treatment,  the  gears  were  ground  to 
final  dimensions  by  Summit  Gear,  and  then  temper  etch  and  magnetic  particle 
;nspected.  The  finished  gears  were  then  geometrical ly  Inspected  and  shipped 
to  Hoeing  for  testing. 

Distortion  due  to  heat  treating  was  not  excessive  and  conseouently  had  little 
effect  on  the  final  grinding  process.  Temper  etch  Inspection  did  not  reveal 
any  grinding  burns  on  the  gear  teeth,  indicating  they  were  acceptable  for  use. 

It  is  noteworthy  that  all  of  the  processing  of  each  component  manufactured 
during  Phase  I  of  this  program  was  accomplished  in  the  same  manner/procedure 
utilized  for  the  production  of  CH-470  helicopter  components.  This  was  done 
such  that  all  data  obtained  could  be  readily  compared  with  previously  obtained 
data  and  be  applicable  for  future  production  transmission  component 
processing. 

a.2.2  Material  and  Processing  -  Phase  II 

In  this  Phase,  spiral  bevel  and  spur  gears  were  produced  and  tested  at  Boeing 
Helicopters  to  evaluate  the  surface  durability  characteristics  of  the  vacuum 
carburized  gear  tooth  surfaces. 

All  of  the  gears  in  this  phase  were  manufactured  from  the  same  billet  material 
as  those  of  Phase  I.  Test  gear  blanks  were  removed  from  the  billets  by  Stuien 
Machine  Co.,  after  which  they  were  processed  as  follows: 

Forge  material  into  individual  blanks 
Pough  machine  near  blank  and  stress  relieve 
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3.  Final  machine  gear  blanx  (bore,  faces,  outside 
diameter) 

4.  Machine  gear  teeth 

5.  Vacuum  carburize  gear  teeth.  Summit  Gear  Corp 

6.  Heat  treat  (harden  and  draw),  Litton  Precision  Gear 

7.  Finish  grind  bore  and  end  faces,  and  grind  gear  teeth, 

Litton  Precision  Gear  and  Summit  Gear  Corp. 

8.  Bake 

9.  Perform  final  Inspection  (temper  etch  and  geometric). 

Litton  final  ground  the  spiral  bevel  gears,  and  Summit  final  ground  the  spur 
gears.  The  procedures  used  to  test  these  gears  Is  found  In  Experimental 
Procedures,  Section  4.  The  results  of  testing  are  found  In  Results  and 
Discussion,  Section  5. 

4.2.3  Material  and  Processing  -  Phase  III 

In  this  phase,  two  spiral  bevel  input  gears,  Part  Number  114D5245-I0,  serial 
numbers  M5373  and  M5372,  were  produced  from  A I S I  9310  steel.  Gear  S/N  M5373 
was  tested  at  Boeing  Helicopters  In  a  CH-47C  Combining  Transmission.  Gear 
serial  number  5372  was  held  for  possible  future  testing  and  evaluation.  The 
two  gears  were  selected  from  a  group  of  standard  production  spiral  bevel  gears 
at  Litton  Precision  Gear  which  were  being  readied  for  production  by  the 
conventional  carburization  method. 

The  two  gears  were  rough  machined  at  Litton  with  all  of  the  others  In  the 

group,  after  which  they  were  sent  to  Summit  Gear  for  vacuum  carburizing.  The 

other  gears  In  the  group  remained  at  Litton  where  they  were  conventionally 

carburized.  The  two  vacuum  carburized  gears  were  then  sent  beck  to  Litton 

where  they  rejoined  the  group  of  standard  production  gears  from  which  they 
were  selected.  All  of  the  gears  were  then  hardened  and  ground  to  final 
dimensions.  The  grinding  stock  remaining  on  the  vacuum  carburized  gears  was 
the  same  as  that  specified  for  all  of  the  other  gears  which  were  produced  by 
conventional  carburizing.  Machining,  hardening,  grinding.  Inspecting,  etc., 
these  two  gears  in  sequence  with  the  group  of  gears  from  which  they  were 
selected  ensured  that  the  only  variables  in  their  manufacture  was  the  carbur¬ 
ization  process.  15 


The  vacuum  carburization  and  hardening  processes  used  to  produce  these  two 
rears  are  listed  below.  The  hardening  procedure  Is  that  which  Is  used  to 
harden  all  AISI  9310  parts  which  are  found  on  Boeing's  Helicopters  (document 
0210-12023-1) .  The  vacuum  carburization  records  can  be  found  In  Appendix  I. 

Carburization  -  Vacuum  Process 

1.  Copper  plate  all  areas  not  to  be  carburized 

2.  Load  furnace  at  room  temperature 

3.  Carburize  at  1 ,800 'F  for  65  minutes  using  propane-methane  gas  at  25C 
Torn  to  obtain  an  ECO  of  0.035-0.055  Inch 

A.  Diffuse  at  1,800'F  In  a  vacuum  for  115  minutes 

5.  Quench  using  nitrogen  gas 

6.  Subcritlcal  anneal  at  1,275’F  for  150  minutes 

7.  Strip  copper  plate 
Hardening 

8.  Nickel  strike  and  copper  plate  at  0.003  Inch  all  over 

9.  Heat  to  1,1 50 ’ P  *2 5aF  for  3  hours 

10.  Heat  to  1,400*F-1,500*F  for  1  hour 

11.  Heat  to  1,850  i  25"F  for  15-30  minutes 

12.  Quench  In  oil  at  75- 140” F 

13.  Cool  to  -100  to  -120°F  for  at  least  3  hours 

14.  Temper  at  600°F  for  2  hours 

15.  Air  cool  to  room  temperature 

16.  Temper  at  600”F  for  2  hours 

17.  Air  cool  to  room  temperature 

18.  Final  grinding  and  other  routine  conventional  processing 

It  should  be  noted  that  gear  serial  number  M5372  was  placed  on  a  Rejection 
Report  for  Boeing  Helicopters  Materials  Review  Board  (MRB)  action  due  to  case 
leakage.  The  leakage  covered  an  area  approximately  1.0  Inch  In  diameter,  and 
was  located  on  the  2.40-lnch  diameter  of  the  gear.  The  case  leakage  was  the 
result  of  the  copper  plate  which  was  too  thin  to  prevent  secondary  carburiza¬ 
tion  during  hardening.  Although  case  leakage  Is  undesirable,  it  was  determined 
that  the  extent  and  location  of  the  leakage  was  not  detrimental  to  the  function 
of  the  gear,  and  It  was  released  for  final  processing.  However,  to  ensure 


that  any  minor  or  Inconsequential  effects  of  case  leakage  would  not  affect 
test  results,  the  other  gear,  serial  number  M5373,  was  used  for  Phase  til 
transmission  test. 

The  vacuum  carburized  spiral  bevel  gear  serial  number  MS 373  was  tested  under 
Phase  III  of  this  program,  and  the  test  procedures  and  results  are  discussed 
In  the  Results  and  Discussion  Paragraph  S.3. 

4.3  DESCRIPTION  OF  PHASE  I  TEST  PROCEDURES 

4.3.1  Geared  Roller  Test 

A  geared  roller  test  simulates  the  combined  rolling  and  sliding  conditions 
experienced  by  gears,  cams,  rolling  element  bearings,  and  similar  machine 
components.  It  provides  a  means  of  testing  materials,  lubricants,  and/or 
their  interaction.  The  degree  of  sliding,  the  load,  the  lubricant 
temperature,  and  the  rotating  velocity  are  all  controllable. 

The  heart  of  the  geared  roller  test  machine  Is  a  set  Of  disks  or  rollers 
consisting  of  a  1  - 1 nch  diameter  test  roll  and  a  5-1nch  diameter  slave  roll 
which  are  mounted  on  two  parallel  shafts  and  geared  together  In  a  3.5:1  ratio. 
This  combination  of  rollers  and  gears  results  In  both  rolling  and  sliding 
contact  fatigue.  The  arrangement  of  shaft  and  gear  Is  shown  In  Figure  5.  The 
load  is  applied  through  a  lever  arrangement  which  is  actuated  by  a  pneumatic 
roto  chamber. 

Pressurized  air  from  an  external  source  controls  the  load  to  within  i3 
percent.  The  actual  load  Is  determined  by  a  calibrated  strain  gage  while  a 
pressure  gage  is  used  to  check  the  stability  of  the  load  during  periods  of 
extended  operation.  The  load  Is  converted  to  a  Hertzian  stress  by  the 
relationships  found  in  Reference  2. 

The  following  parameters  were  employed  during  all  testing: 

a)  Load  -  450,000  psl  Hertz  compressive  stress 

b)  Lubricant  -  MIL -L-23699  oil 
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ITEM  PART  NAME  PART  NUMBER* 

1  LOWER  SHAFT -GEAR  END  20I-C-086 

2  UPPER  SHAFT  GEAR  201-C-H4 

3  UPPERSHAFT  20'-C-'44 

4  TEST  SPECIMEN  (1-INCH  DIAMETER)  201-8-047 

5  LOWER  SHAFT  20'-C-058 

6  SLAVE  ROLL  (5-INCH  O'AMETER)  2C1-B-229 


■ALL  PART  NUMBERS  ARE  THOSE  LISTED  IN  th£  ’’ESTMACh'NE  BROCHURE 
FROM  THE  MANUFACTURER 

GEARS  1  AND  2  WHICH  HAVE  16  AND  56  TEE~r-  RESPECTIVELY, 

PROVIDE  A  3  50  1  RATIO 


Figure  5  Geared  roller  test  setu[ 
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c)  Rotating  velocity  -  900-1000  rpm 

d)  Test  oil  temperature  -  200  ♦  10°F. 

To  insure  proper  "break-in"  of  the  lubricating  system,  a  dummy  specimen  was 
run  for  a  least  143  hours  prior  to  the  start  of  the  first  test.  To  renew  the 
MIl-i-23699  oil  during  the  test,  one-half  of  a  gallon  of  oil  was  changed  for 
each  250  hours  of  total  test  time.  A  runout  of  any  one  specimen  was 
considered  to  be  the  accumulation  of  10  *  106  cycles  without  failure.  None  of 
the  rjnout  specimens  were  retested.  Testing  was  accomplished  by  randomizing 
Doth  the  specimen  tested  and  the  test  machine  utilized.  A  total  of  three 
machines  «ere  employed  for  testing,  serial  numbers  3A437,  3A438,  and  3A439. 

Testing  proceeded  on  a  24-hour  basis.  A  failure  was  detected  by  a  sensitivity 
switch  which  mon'tored  the  level  of  vibration  of  the  test  machine.  When  a 
sparing  and/or  pitting  failure  occurred,  the  vibration  in  the  machine 
Increased  which  resulted  In  machine  shutdown.  A  time  counter  (hours)  was 
connected  to  this  sensitivity  Switch  and  became  disconnected  at  machine 
shutdown. 

The  data  recorded  for  the  geared  roller  tests  consisted  of: 

-  part  number 

-  serial  number 

-  applied  load 

-  test  duration 

A  summary  of  these  tests  is  discussed  in  paragraph  1.3. 

4.3.2  Single  Tooth  Sending  Fatigue  Test 

Before  any  new  development  can  be  incorporated  Into  a  helicopter  gear  box,  it 
must  be  thoroughly  evaluated  from  two  viewpoints.  Obviously,  the  first 
consideration  Is  determining  whether  or  not  the  specific  advantage  claimed  is 
actually  achieved.  The  second,  and  no  less  important,  consideration  is  a 
determination  of  the  side  effects  of  the  proposed  new  development.  In  the 
case  of  vacuum  carburizing,  one  of  these  potential  e  fects  is  the  structural 
integrity  of  the  gear  teeth.  Since  the  strength  of  gear  teeth,  (n  general,  's 
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a  subject  of  great  concern  in  the  design  of  helicopter  gear  boxes, 
considerable  testing  of  the  strength  of  various  gear  designs  and  materials  has 
been  accomplished  at  Boeing  Helicopters.  Standardized  test  setups  and  methods 
have  been  developed  and  are  routinely  used  for  evaluating  the 
strength  of  gear  teeth.  This  standardized  evaluation  technique  was  applied  to 
full  sized  test  gears  of  two  different  materials  (9310  and  Vasco  X2M)  with 
tooth  proportions  typical  of  a  final  drive  planetary  system.  Eacn  gear  *as 
carburized  by  the  vacuum  process.  The  purpose  of  this  testing  was  neither  to 
confirm  nor  Identify  some  advantage  of  the  process.  Rather,  the  goal  was  to 
insure  that  the  cost,  time,  and  consistency  Improvements  obtained  through  the 
vacuum  carburization  process  were  not  obtained  at  the  expense  of  part 
strength. 

With  this  background  in  mind,  it  Is  clear  that  a  satisfactory  test  result  is 
s'mpiy  the  identification  of  no  statistical  difference  in  the  strength  of 
Identical  parts  carburized  by  either  conventional  or  vacuum  processes.  Any 
gain  which  may  be  obtained  In  strength  Is  purely  a  beneficial  side  effect. 

A. 3. 2.1  Single  Tooth  Bending  Fatigue  Specimen  Design  -  The  design  of  the  test 
gears  (see  Appendix  G)  utilized  m  this  program  Is  within  the  experience  range 
of  helicopter  main  transmission  power  gears  in  pitch  diameters,  diametral 
pitch,  pressure  angle,  and  profile  modifications.  All  tolerances  and  records 
for  the  manufactured  test  specimens  conformed  to  the  appropriate  Boeing 
Helicopters  production  specifications.  Each  dash  number  grouping  of  test 
gears  (for  Instance  SK29572-1  and  SK29572-2  are  two  different  dash  number 
groups  of  the  same  basic  part  number)  was  heat  treated  In  a  single  batch  to 
minimize  variations  within  batches. 

The  test  gears  were  manufactured  with  a  total  of  32  teeth.  However,  for 
testing  purposes,  every  other  set  of  four  teeth  was  removed  to  permit 
placement  of  the  test  specimen  within  the  test  fixture  arrangement,  thus 
allowing  four  gear  teeth  on  each  gear  to  be  subjected  to  fatigue  testing.  The 
gear  teeth  selected  for  testing  were  spaced  In  such  a  manner  as  to  eliminate 
any  possible  effects  of  previously  incurred  fatigue  failures  on  adjacent  test 
teeth.  The  processes  used  to  manufacture  these  gears  are  discussed  in 
Paragraph  4.2.1. 
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4.3 .2.2  Test  Apparatus  -  The  gear  specimens  were  tested  on  a  nonrotating 
single  tooth  bending  fatigue  test  fixture  (Figure  6)  designed  by  Boeing 
Helicopters  for  use  on  a  8aldw1n-L1ma  Hamilton  I V- 20  Universal  Fatigue 
Machine.  The  test  machine  is  capable  of  developing  total  loads  up  to  16,000 
pounds  (8,000  pounds  steady  and  8,000  pounds  alternating  load)  at  a  frequency 
of  1,200  cycles  per  minute. 

The  test  fixture  was  specifically  designed  to  conduct  nonrotating  bending 
fatigue  testing,  ard  permits  application  of  a  cyclic  load  to  one  gear  tooth  at 
a  time.  Present  analytical  methods  established  by  the  American  Gear 
Manufacturers  Association  (AGMA)  rate  the  maximum  bending  strength  of  a  gear 
at  the  critical  section  when  loaded  at  the  Highest  Point  of  Single  Tooth 
Contact  (HPSTC). 

The  design  of  the  fixture  is  such  that  the  test  gtar  tooth  is  loaded  at  the 
highest  point  of  single  tooth  contact  (HPSTC),  which  Is  based  on  a  one-to-one 
gear  ratio.  The  location  of  the  load  anv'i  at  the  HPSTC  is  maintained  during 
setup  for  each  gear  tootn  by  maintaining  a  constant  static  height  (with  a  load 
of  approximately  100  pounds)  on  the  load  anvil,  thus  assuring  loading  through 
the  load  angle  at  the  HPSTC  due  to  the  geometry  of  the  test  fixture. 

Load  on  the  test  gear  tooth  was  transferred  from  the  test  machine  to  the  gear 
tooth  through  a  load  link.  All  load  links  were  instrumented  with  strain  gages 
and  connected  to  an  oscilloscope  to  permit  monitoring  of  the  gear  tooth  load 
during  testing. 

4. 3. 2.  3  Testing  Technique  -  The  test  specimen  was  mounted  in  the  qear  fatigut 
fixture  in  the  manner  shown  in  Figure  6.  The  height  Of  the  toad  anvil  was 
adjusted  to  the  required  position,  as  determined  by  gear  and  fixture  geometry, 
and  the  reaction  anvil  was  then  moved  into  position  on  the  reaction  tooth, 
load  anvil  height  was  rechecked  with  a  compressive  load  of  approximately  100 
pounds.  The  specimen  was  then  ready  for  test  load  application  if  the  load 
anvil  height  was  found  to  be  within  the  correct  tolerance. 

The  steady  load  was  maintained  approximately  100  pounds  above  the  alternating 
load  during  all  test  runs  so  tnat  impact  loading  of  the  test  tooth  was 
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Figure  6  Single-tooth  bending  fatigue  test  fixture 
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avoided.  The  load  was  unidirectional  in  all  cases  as  would  be  typical  of  a 
simple  gear  mesh.  The  100  pounds  preload  maintained  on  the  gear  teeth  during 
testing  represents  less  than  2  percent  of  tne  total  load  on  the  gears  and  was 
therefore  considered  a  zero  load. 

5'nce  the  test  gear  teeth  were  loaded  at  a  rate  of  approx imately  1,200  cycles 
per  minute,  no  localized  heat  buildup  was  noticeable  in  the  fillet  area  of  tne 
test  gear  tooth  due  to  the  constant  cycling  of  stress.  Heating  of  the  fillet 
did  not  occur  throughout  the  entire  leading  range,  no  matter  now  long  or  how 
little  a  particu’cr  gear  tooth  was  cycled  before  failure.  'rne  constant 
tempe'ature  ma’-tained  by  the  test  gear  specimens  during  testing  prec'uded  the 
effect  of  gear  tooth  root  fil'et  temoerature  increase  on  the  test  results. 

a  sma'i  amount  cf  moiy  gre35e  was  apo'ied  to  ’.he  'oaf  and  ’-eartipn  3PV •  j s 
the  tooth  contact  points  but  no  other  lub"ication  was  provided. 

To  insure  accurate  data,  one  tooth  in  each  group  of  test  gears  was 
instrumented  with  a  strain  gage  located  at  the  critical  section  ;n  the  tooth 
fillet  region.  A  calibration  curve  was  then  developed  so  that  tooth  Dending 
stress  coulcJ  be  measured  directly. 

Each  specimen  was  run  continuously  until  failure  or  runout  (6  *  !C6  cycles), 
whichever  occurred  first.  Failure  is  defined  as  a  crack  len'th  of 
approximately  0  25-inch.  Testing  was  terminated  either  manually  hy  the  test 
technician  upon  observance  of  a  crac*  or  occurrence  of  a  ’-unout,  or 
automatically  (during  unattended  running)  by  limit  switches.  The  G.25  inch 
crack  length  was  chosen  as  a  failure  criteria  to  be  consistent  with  the 
previously  acquired  data  with  which  the  current  data  was  compared. 

4. 3. 2. 4  Gear  Stress  Calculations  -  The  gear  stresses  presented  in  this  report 
were  calculated  by  a  computer  program  based  on  AGMA  standards  for  rating  the 
strength  of  sour  gear  teeth.  Calculation  of  the  geometry  factor  for  the  test 
gear  was  based  on  an  assumed  gear  1 1  o  of  one-to-one. 
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Based  on  the  AGMA  standards,  the  equation  for  calculating  the  bending  stress 
at  the  critical  section  of  a  gear  tooth  when  loaded  at  the  highest  point  of 
single  tooth  contact  Is: 

S,  =  (wt  Pd)/(FJ)  (1) 

where:  Sj  *  Calculated  tensile  stress  at  critical 

section.  PS  I 

Wt  =  Transmitted  tangential  load,  pounds 

Pd  =  Diametrical  pitch 

F  -  Face  width,  inches 

J  *  Geometry  factor 

AGMA  methods  ir elude  factors  to  account  for  dynamic  loading,  misalignment, 
etc.  In  these  analyses,  all  of  these  factors  were  taken  as  unit.  By 
utilizing  the  engineering  drawing  (Appendix  G)  data  for  the  test  gears, 
equat(on  1  can  be  '■educed  to  a  function  of  tangential  tooth  load  as  follows: 

ST  ■  27.14  Mt  (2) 

The  above  stress  calculations  are  provided  for  reference  only,  since  actual 
tooth  bendlny  stresses  were  measured  during  the  test  program  using  strain 
gages.  Additional  Information  concerning  the  statistical  method  for  analyzing 
this  data  Is  shown  In  Appendix  J. 

a. 3.2.5  Test  Data  -  The  data  recorded  for  the  single  tooth  bending  fatigue 
tests  consisted  of: 

-  Part  Number 

-  Serial  Number 

•i 


-  Test  Tooth  Number 

-  Applied  Load,  Steady  and  Alternating 

-  Cycles  to  Failure  (or  Runout) 

-  Crack  Length 

-  Fa  1  lure  Mode 

A  summa'-y  of  the  single  tooth  bending  fatigue  data  Is  discussed  in  Paragraph 
5.1.4. 

4.3.3  Scoring  Test 

As  was  the  case  with  the  single  tooth  bending  fatigue  strength,  the  scoring 
capacity  of  vacuum  carburized  gears  must  also  be  evaluated  to  Insure  that  the 
process  did  not,  somehow,  produce  an  unknown  side  effect  which  reduces  the 
ability  of  the  gears  to  resist  failure  by  scoring. 

Scoring  is  a  very  significant  problem  In  the  design  of  helicopter  gear  systems. 
Under  conditions  of  high  speed  and  heavy  load,  the  thin  oil  film  which  nor¬ 
ma’  ly  separates  the  mating  gear  tooth  surfaces  is  sometimes  destroyed.  When 
this  happens,  the  asperities  of  the  tooth  surfaces  come  into  contact  and 
generate  enough  heat  to  allow  them  to  instantaneously  weld  together  on  a 
microscopic  scale.  Continued  rotation  of  the  gear  causes  these  micro  welds  to 
be  pulled  apart  and  the  resulting  sliding  motion  along  the  tooth  flanks 
produces  the  scratches  which  typify  a  scoring  failure.  Scoring  Is  not  a 
fatigue  phenomena.  If  It  Is  to  occur  at  all,  it  will  occur  In  a  very  short 
time  (usually  10  or  20  minutes)  of  operation.  If  It  does  not  occur  within  10 
or  20  minutes  it  will  never  occur  as  long  as  the  operating  conditions  remain 
constant.  Several  theories  have  been  proposed  to  explain  this  phenomena  for 
aerospace  gears  which  are  operating  with  synthetic  oils.  The  critical 
temperature  theory,  first  proposed  by  81ok  (Reference  3),  shows  the  greatest 
correlation  with  actual  test  results.  Th<s  theory  states  that  the 
instantaneous  temperature  of  the  contact  point  at  any  time  Is  a  function  of 
the  material  properties  of  the  gears  and  the  oil,  as  well  as  the  combination 
of  sliding  and  contact  pressure  which  exists  at  that  point  on  the  tooth 
surface.  When  the  Instantaneous  contact  temperature  due  to  these  comblnec 
effects  reaches  a  critical  or  "flash"  temperature,  the  film  of  oil  is 
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destroyed  and  scoring  occurs.  The  parameter  used  to  evaluate  the  scorirg 
behavior  Is  thus  known  as  the  flash  temperature. 

The  relative  scoring  behavior  of  various  materials  and  lubricants  is  a  key 
factor  in  the  design  of  helicopter  transmissions.  Because  this  behavior  is  a 
key  factor,  considerable  score  testing  has  been  accomplished  at  Boeing 
Helicopters,  where  standardized  test  machines  and  methods  have  been  developed 
and  are  routinely  used  for  such  test  programs. 

This  standardized  evaluation  technique  was  applied  to  full  sized  gears  'n  this 
program  which  were  carburized  by  the  vacuum  process.  The  tooth  proport'pns 
were  typical  of  a  final  drive  planetary  system.  The  purpose  of  this  testing 
was  neither  to  confirm  nor  identify  some  advantage  due  to  the  process. 

Rather,  the  goal  was  to  insure  that  the  cost,  time,  ana  consistency 
improvements  obtained  through  the  vacuum  process  were  not  obtained  at  the 
expense  of  the  scoring  capacity  of  the  parts. 

With  this  background  In  mind,  it  is  clear  that  a  satisfactory  test  result  is 
simply  the  identification  of  no  difference  In  the  scoring  behavior  of 
identical  parts  carburized  by  either  conventional  or  vacuum  processes.  Any 
gain  which  may  be  obtained  in  this  area  is  purely  a  beneficial  side  effect. 

4.3. 3.1  Scoring  Test  Specimen  Oeslgn  -  As  with  the  single  tooth  bending 
fatigue  test  specimens,  the  design  of  the  scoring  test  gears  (Appendix  H) 
utilized  In  this  program  Is  within  the  experience  range  of  helicopter  main 
transmission  power  gears  in  pitch  diameter,  diametrical  pitch,  pressure  angle, 
and  profile  modifications.  All  tolerances  and  records  for  the  manufactured 
test  specimens  conformed  to  the  appropriate  Boeing  Helicopters  production 
specifications.  Each  dash  number  grouping  of  test  gears  (for  Instance, 
SK29571-1  and  SK29571-2  are  two  different  dash  number  groups  of  the  same  basic 
part  number)  was  heat  treated  in  a  single  batch  to  minimize  variations  within 
batches. 

These  test  gears  were  designed  to  simulate  a  typical  first  stage  planetary 
system  sun-planet  mesh  for  the  final  drive  of  a  medium  to  large  he1 (copter. 

By  way  of  comparison,  they  are  quite  representative  of  that  set  on  either  the 


CH-46  or  CH-47  helicopter.  The  processes  used  to  manufacture  these  gears  are 
defined  in  Paragraph  4.2.1. 

4. 3. 3. 2  Test  Apparatus  -  The  score  testing  was  conducted  In  the  Boeing 
Helicopters  Gear  Research  Test  Facility,  Figure  7,  which  Is  located  In  the 
Transmission  Assembly  and  Test  Building.  This  facility  Is  designed  to  test 
full  sized,  representative,  test  specimens.  It  will  accommodate  spur, 
helical,  and  spiral  bevel  gears.  There  are  two  Identical  test  rigs  In  the 
facility,  each  of  which  may  be  easily  configured  for  a  wide  variety  of  test 
programs.  The  standard  scoring  test  conf iguration  (6  Inch  center  distance, 

1/2  Inch  face  width,  overhung  mounted  gears  with  isolated  oil  supply)  was  used 
for  this  program,  Figure  8.  This  setup  Incorporates  provisions  for 
controlling  center  distance,  speed,  oil  temperature,  torque,  and  oil  flow. 

The  system  Is  a  regenerative  (four-square)  design  using  one  gearbox  as  the 
slave  unit  and  one  gearbox  as  the  test  unit.  Gear  mountings  ware  designed  to 
be  rigid  and  stable  under  ail  loading  conditions,  with  through-bored  housings 
for  maximum  accuracy. 

To  facilitate  short-term  operation  for  scoring  tests,  the  test  stand  design 
provides  for  testing  outboard  of  the  main  gear  housing  and  allows  for  rapid 
assembly  and  removal  of  the  test  specimens  and  good  accessibility  for  frequent 
visual  Inspection  of  the  test  gears,  as  Figure  9  shows.  This  test  stand 
arrangement  has  a  separate  lubricating  system  for  the  test  housing  with 
heating  and  cooling  capabilities  and  direct  oil  flow  measurement.  Lubrication 
Is  directed  to  the  test  gears  by  Individual,  externally  cooled  oil  jets  which 
can  be  directed  on  the  In-mesh  side,  the  out-of-mesh  side,  or  both  sides 
simultaneously.  This  configuration  also  permits  control  of  the  oil  flow  rate, 
oil  Inlet  temperature  and  operating  torque  while  maintaining  a  constant  speed. 
Power  is  supplied  by  an  electric  motor  driving  the  Input  shaft  through  a 
toothed  belt  arrangement. 

All  test  parameters  as  well  as  the  general  test  stand  operation  are  monitored 
continuously  from  the  test  stand  control  center,  which  is  located  just  outside 
of  the  test  cell. 
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Figure  7  Gear  research  test  facility. 
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Figure  9.  Research  test  stand  overhun 


q  configuration. 


Since  scoring  is  sensitive  to  the  oil  temperature  as  well  as  oil  type  and  gear 
material,  a  sophisticated  temperature  control  system  Is  Incorporated  In  the 
test  setup. 

A  single  jet  on  the  out-of-mesh  side  of  the  gear  set  Is  utilized  In  (Figure  9) 
to  supply  0.32  GPM  of  oil  at  40  psi  to  the  test  gears.  The  bearings 
supporting  the  test  gears  are  sealed  from  this  oil  flow  and  are  separately 
lubricated.  By  maintaining  the  test  oil  (MIl-L-23699)  in  a  temperature 
controlled,  heated  tank  (Figure  10),  the  temperature  to  the  test  gear  jet  is 
controlled  to  20C“F.  very  fine  control  over  temperature  Is  maintained  by  an 
e'ectronicai ly  controlled  in-line  heater  located  just  before  the  test  gear 
jet.  The  test  oil  and  both  of  the  slave  box  oils  are  cooled  and  filtered 
(F‘gure  11)  afte*  leaving  the  boxes.  A  12  micron  filter  element  was  used. 

4. 3. 3. 3  Testing  Technique 

The  primary  scoring  test  variables  were  shaft  torque  and  oil  inlet 
temperature.  Gear  tooth  load,  a  function  of  shaft  torque,  was  applied  through 
a  lever  system  at  the  beginning  of  each  test  run.  Torque  levels  were  observed 
on  a  Strainsert  SR2  instrument  at  the  caglnnlng  and  conclusion  of  each  test 
run. 

Deviation  from  the  Initial  target  torque  was  controlled  within  i5  percent  at 
test  startup.  The  torquemeter  was  calibrated,  through  a  load  spectrum  of  0  to 
40, COO  inch-pounds  before  and  at  the  conclusion  of  the  test  program. 
Recalibration  curves  agreed  with  the  initial  curve  within  2  percent.  Test 
time  (cycles)  was  determined  by  a  log  record  of  running  time  and  an 
elapsed-time  meter  In  the  test  stand  console.  Power  was  supplied  by  a  100 
horsepower  electrical  motor  driving  the  input  shaft  through  a  toothed  belt 
arrangement,  which  maintained  the  input  pinion  speed  at  3,660  revolutions  per 
minute.  cest  runs  were  initiated  only  after  stabilization  had  been  achieved. 

Although  the  theory  that  a  gear  set's  load  capacity  may  be  improved  by 
incremental  lcadirg  techniques  has  been  advanced  from  time  to  time,  it  should 
be  noted  that  it  only  holds  true  for  relatively  soft  gears  and/c r  those  with 
ver,  '■o„gh  'nitial  surface  finishes.  Carburized  and  ground  geans  such  as 
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these  may  also  benefit  from  such  Incremental  loading  If  a  special  high  load 
capacity  oil  is  utilized.  None  of  these  were  the  case  for  these  gears,  thus, 
run-in  yields  Insignificant  advantage.  With  this  in  mind,  each  test  gear  set 
was  step  loaded  as  shown  In  figure  12  until  a  scoring  failure  was  obtained.  A 
scoring  failure  was  obtained  In  every  case.  There  were  no  runouts  and  no 
other  types  of  failures  occurred. 

4. 3. 3. 4  Gear  Stress  and  flash  Temperature  Calculations  -  The  gear  stresses 
and  flash  temperatures  presented  In  this  report  were  calculated  by  a  computer 
program  based  on  AGMA  standards  for  rating  the  Strength,  durability,  and 
scoring  hazard  of  spur  gear  teeth.  Equation  1  (Paragraph  4. 3. 2. 5)  is  the 
basic  bending  stress  equation.  8y  utilizing  the  Information  shown  on  the 
engineering  drawing  (Appendix  H),  this  basic  equation  can  be  reduced  to  a 
function  of  tangential  tooth  load  or  shaft  torque  for  these  score  test  gears, 
as  follows: 

St  =  24.17  Wt  =  8.06  7  (3) 

where:  St  *  Calculated  tensile  stress  at  critical 

section,  PSI 

Wt  =  Transmitted  tangential  load,  pounds 

T  *  Shaft  torque,  In-lb 

While  AGMA  methods  include  factors  to  account  for  dynamic  loading, 
misalignment,  etc.,  in  our  analysis,  all  of  these  factors  have  been  taken  as 
unity.  The  test  system  configuration  and  gear  quality  are  such  that  these 
effects  are  negligible. 

The  basic  contact  stress  equation  is: 

Sc  =  Cp  (WT/fdl)0'5  (4) 

where:  Sc  =  Calculated  contact  stress,  psi 
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Figure  12  Scoring  test  procedure 
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Material  factor  (2300  for  steel  spur  gears) 


Wf  *  Tangential  load,  lb 

F  =  Net  face  width.  Inch 

d  *  Pinion  pitch  diameter.  Inch 

I  *  Geometry  factor 

As  was  the  case  for  the  bending  stress  equation,  equation  four  can  also  be 
reduced  to  a  function  of  tangential  tooth  load  or  shaft  torque  only,  for  these 
lest  gears. 

Sc  «  4628  WT  °-5  =  2672  T0-5  (5) 


Finally,  the  parameter  of  greatest  interest  In  this  test,  the  flash 
temperature.  Is  calculated  by: 


Tp  '  T [  +  (WT  /F)°-75(50/(50-S)(Ztnp  °- 5)/(Pd0. 25) 


(6) 


where:  Tf  «  Flash  temperature  scoring  Index  (°F) 

Tf  »  Initial  temperature  (°F),  (oil  Jet 
temperature  for  these  test  gears  is 
virtually  the  same  as  the  gear  blank 
Initial  temperature) 

S  *  Surface  finish  (RMS) 


Zt  *  Scoring  geometry  factor 


n 


P 


Pinion  speed  (RPM) 


As  with  the  single  tooth  bending  fatigue  calculations,  by  utilizing  the 
specific  geometry  of  these  test  gears,  this  equation  can  be  reduced  to  a 
function  of  shaft  torque  or  tangential  tooth  load. 

TF  *  200  ♦  0.735  (WT)°-75  -  200  +  0.322  (T)  0.75  ^ 

The  critical  point  for  scoring  occurs  lusv  below  the  lowest  point  of  single 
tooth  contact,  thus  the  first  signs  of  sco-lng  should  occur  at  the  tips  ..nd/or 
flanks  of  the  teetn. 

4. 3. 3. 5  Test  Data  -  The  data  recorded  for  the  score  tests  consisted  of: 

?art  Numb'-'- 

-  Serial  Mu  oer 

-  Applied  Shaft  Torque 

-  Loaded  Side  Designation 
Inlet  Test  Oil  Temperature 

-  Gear  Tooth  Condition 

-  Run  Time 

-  OH  Flow  Rate 

-  oil  Pressure 

-  Slave  Gearbox  Oata  (Pressure,  Temperature,  etc). 

A  summary  of  the  score  test  results  Is  discussed  In  paragraph  5.1.5. 

4.4  DESCRIPTION  OF  PHASE  II  TEST  PROCEDURES 

The  design  of  the  spur  and  spiral  bevel  test  gears  used  In  Phase  II  of  this 
program  was  within  the  experience  range  of  helicopter  main  transmission  power 
gears  In  pitch  diameter,  diametrical  pitch,  pressure  angle,  and  profile 
modification.  Processing  procedures,  tolerance  parameters,  and  recording 
requirements  conformed  to  the  appropriate  Boeing  Helicopters  production 
specif Icatlons. 
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With  these  design  criteria  In  mind,  and  to  determine  the  surface  load  capacity 
of  the  heat  treatment  process  under  Investigation,  the  test  gears  for  this 
program  were  designed  with  the  following  specific  parameters. 

а.  4.1  Spur  Gears 

The  gear  '  ■  lo  (Mg)  of  1.67  to  1.00  was  selected  as  the  most  practical  for  a 

б. C0-inch  center  distance  while  maintaining  a  reasonable  volt  circle  for 
mounting  purposes.  The  roll  angle  to  the  first  point  of  contact  on  the  pinion 
member  was  maintained  below  7  degrees.  The  pinion  member  was  designed  with  a 
short  addendum  (0.06- Inch)  and  the  gear  member  w<th  a  long  addendum 
(0.22-inch).  The  resulting  profile  contact  ratio  was  1.13  minimum,  which  Is 
beiow  normal  design  practice.  Pinion  input  speed  was  selected  as  910 
revolutions  per  minute. 

Kinetic  analysis  of  the  design  parameters,  using  an  existing  Boeing 
Helicopters  computer  program,  indicated  a  very  high  specific  sliding 
(sllde/roll  ratio)  value  at  the  first  point  of  contact  on  the  pinion  member. 
The  specific  sliding  value  at  this  point  was  considerably  higher  than  the 
value  for  any  other  point  along  the  tooth  profile,  Indicating  a  high  proba¬ 
bility  of  experiencing  surface  type  fa1 lures  In  the  pinion  dedendum.  The 
general  design  parameters  are  listed  In  Table  4.  The  actual  dimensions  of  the 
spur  gears  are  Shown  In  Appendix  K. 

TABLE  4.  TEST  SPECIMEN  GENERAL  OESIGN  PARAMETERS  -  SPUR  GEARS 

Pitch  Pressure  Face 

Material  Diameter  Olametrlcal  Gear  Angle  Width 

Member  (Steel)  (inches)  Pitch  Ratio  (degrees)  (Inches) 


Gear  AISI  9310  7.500  5.333  1.67  20  0.500 

Pinion  AISI  9310  4.500  5.333  1.67  20  0.500 
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The  final  design  parameters  selected  for  the  gear  test  specimens  were 
specifically  chosen  to  Increase  the  pitting  probability;  consequently,  they 
are  not  representative  of  typical  aircraft  design  practice. 

4.4.2  Spiral  Bevel  Gears 

The  spiral  bevel  gear  test  rig,  unlike  the  spur  rig  Is  designed  to  simulate 
the  CH-47C  engine  transmission  bevel  gear  set.  The  rig  will  accommodate  two 
bevel  gear  configurations.  The  first  Is  an  actual  production  set  of  CH-47C 
gears.  The  second  Is  a  less  expensive  set  of  slightly  smaller  test  gears 
which  simulate  but  do  not  actually  duplicate  the  CH-47  engine  box  gears. 

Since  these  gears  simulate  an  actual  aircraft  application,  it  was  not  possible 
to  bias  the  design  to  produce  only  pitting  failures. 

The  final  design  parameters  for  the  spiral  bevel  gears  are  shown  In  Table  5. 
The  actual  dimensions  are  shown  In  Appendix  L. 

TABLE  5.  TEST  SPECIMEN  GENERAL  OESIGN  PARAMETERS  -  SPIRAL  BEVEL  GEARS 

Pressure  Spiral  Face 

Material  Olameter  Diametrical  Gear  Angle  Angle  width 

Memter  (Steel)  (Inches)  Pitch  Ratio  (degrees) (degrees)  (Inches) 


Gear  AISI  9310  7.372  5.833  1.72  22.5  26  1.43 

Pinion  AISI  9310  6.000  5.333  1.72  22.5  26  1.43 

4.4.3  Spur  and  Sprlal  8evel  Gear  Testing 

4.4.3. 1  Test  Apparatus  -  The  gear  specimens  were  tested  on  a  Boeing 
Helicopters  regenerative  (four  square)  load  test  stand.  These  test  stands 
were  specifically  designed  and  constructed  to  conduct  rotating  load  test 
programs  for  gear  research  and  development.  The  spur  test  machine  is  capable 
of  operation  with  three  center  distance  options  and  provisions  for  control  of 
torque,  oil  temperature,  and  quantity  of  oil.  Lubrication  of  all  gear  meshes 
and  bearings  Is  provided  by  Individual  oil  jets. 
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To  facilitate  short  term  operation  and  surface  durability  type  testing,  the 
design  of  this  test  stand  includes  the  provision  for  testing  outboard  of  the 
main  gear  housing,  as  shown  in  figure  13.  This  feature  provides  for  rapid 
assembly  and  disassembly  of  the  test  specimens,  with  Improved  accessibility 
for  frequent  visual  inspection.  This  test  stand  configuration  has  a  separate 
lubrication  system  with  heating  and  cooling  capabilities  and  direct  oil  flow 
measurement.  Lubrication  is  directed  to  the  test  gears  by  individual 
externally  cooled  oil  jets,  which  can  be  directed  on  the  In-mesh  side, 
out-of-mesh  side,  or  both  sides  simultaneously.  This  conf iguration  also 
pe-mlts  control  of  oil  flow  rate,  oil  Inlet  temperature,  and  operating  torque, 
> n i 1 e  maintaining  a  constant  speed. 

The  spiral  bevel  test  rig  is  almost  Identical  to  the  spur  rig  in  design  and 
operation.  In  fact,  either  stanas  may  be  used  for  testing  spur  helical  or 
bevel  gears,  depending  on  which  of  the  Interchangeable  test  heads  is  mounted 
on  the  rig. 

4.4.3.?  Testing  Technique  -  The  primary  test  variables  were  shaft  torque  and 
oil  inlet  temperature.  Gear  tooth  load  was  a  function  of  shaft  torque,  which 
was  applied  through  a  lever  system  at  the  beginning  of  each  test  run.  Torque 
levels  were  observed  on  an  SR2  Stralnsert  Instrument  at  specified  intervals, 
and  recorded.  A  final  torque  reading  was  taken  and  recorded  at  the  conclusion 
of  each  test  run.  Deviation  from  the  Initial  target  torque  was  controlled  to 
plus  or  minus  five  percent  at  start-up  and  wlthl  j  ir  minus  two  percent 
during  the  Individual  test  runs. 

The  torquemeter  was  calibrated  prior  to  and  at  the  completion  of  the  test 
program.  Recalibration  curves  agreed  within  two  percent  with  the  Initial 
calibration.  Test  time  (cycles)  was  determined  by  a  log  record  of  running 
time  and  an  elapsed  time  meter  located  In  the  test  stand  console.  Power  was 
supplied  by  an  electric  motor  driving  the  input  shaft  through  a  toothed  belt 
arrangement,  maintaining  the  Input  pinion  speed  at  910  Revolutions  Per  Minute 
for  the  spur  gears  and  at  3,660  revolutions  per  minute  for  the  bevel  gears. 
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Input  oil  tf  oerature  for  the  test  gearbox  was  maintained  at  less  than  1353F 
with  Input  oil  pressure  of  55  t5  per  square  Inch.  The  oil  used  for 
lubricating  the  test  gearbox  was  MIL-L-23699.  Testing  technique  for  this  test 
program  consisted  of  rotating  load  tests  at  each  of  the  specified  load  levels 
for  a  maximum  of  three  million  cycles  (or  failure).  Successful  completion  of 
a  particular  test  run  for  three  million  cycles  was  considered  as  a  test  runout 
data  point.  This  runout  was  then  considered  to  be  below  the  fatigue  endurance 
limit.  Prior  to  conducting  the  test  runs,  the  lubricating  oil  was  circulated 
until  the  oi 1 -temperature  stabilized.  Jet  lubrication  was  provided  on  the 
out-of-mesh  side  for  the  test  gear  mesh. 

The  test  procedure  for  all  test  gears  In  this  program  was  the  same,  and 
consisted  of  the  following  sequence: 

1.  Conduct  static  pattern  checks  at  the  50  percent  and 

100  percent  load  levels  for  ioad  distribution  evaluation. 

2.  Complete  the  test  load  schedule  by  conducting  rotating 
tests  for  a  maximum  of  3  x  106  cycles  (or  failure)  at 
each  of  the  specified  load  levels. 

4. 4. 3. 3  Gear  Stress  Calculations  -  The  gear  stress  levels  presented  In  this 
report  were  calculated  by  an  existing  8oe1ng  Helicopters  computer  program 
which  uses  AGMA  (American  Gear  Manufacturers  Association)  standards  In  the 
analysis. 

AGMA  rates  the  bending  strength  of  spur  gears  as  follows: 

St  «  Wt  x  K0  x  Pj  x  Ks  x  Km 

<v  x  F  x  J  (8) 

Where 


Wt  =  transmitted  tangential  load  (pounds) 
Ko  «  overload  factor 
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Kv  =  dynamic  factor 

Pd  =  diametrical  pitch 

F  =  face  width 

Ks  =  size  factor 

Km  =  load  distribution  factor 

J  =  geometry  factor 


For  the  spur  test  gears  utilized  in  this  program,  the  following  was  assumed 


Ko  =  Kv  =  Ks  =  Km  =  1.0 


For  the  bevel  test  gears,  the  following  was  assumed: 


Ko  =  Kv  =  1.0 
Ks  =  0.64 
Km  *  1.1 


Then , 

(  9) 
(10) 


St  =  32.5  x  Wt  (spur  pinion) 
St  -  7  95  x  Wt  (bevel  pinion) 


AGMA  rates  the  surface  durability  of  spur  gears  as  follows: 


0.5 


Sc  =  CP  I  Wt  x  Co  x  Cs  x  Cm  *  Cf 


Cv  x  d  x  F  x  I 


(11) 


where 

Sc  -  calculated  contact  stress  number  at  the  lowest  point 
of  single  tooth  contact 

Cp  =  elastic  coefficient  (2300  for  spurs,  2800  for  bevels) 
Wt  =  transmitted  tangential  load  at  operating  pitch 
diameter  (pounds) 

Co  =  overload  factor 
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Cv  ■  dynamic  factor 

d  »  pinion  operating  pitch  diameter  (inches) 

F  ■  face  width  (inches) 

Cs  ■  size  factor 

Cm  =  load  distribution  factor 

I  =  geometry  factor 

Cf  -  surface  condition  factor 

For  the  spur  test  gears  used  In  this  program,  the  following  was  assumed: 

Co  =  Cv  =  Cs  =  Cm  =  Cf  =  1.0 

For  the  bevel  gears: 

Co  »  Cv  *  Cs  *  Cf  r  1.0 
Cm  *  1.1 

then, 

Sc  *  6520  (Wt)0'5  (spur  gears)  (12) 

Sc  *  3644  (Wt)0'5  (bevel  gears)  (13) 

4.4. 3.4  Test  Data  -  The  basic  100  percent  spur  gear  test  load  level  for  this 
program  was  established  as  3094  inch-pounds  of  pinion  torque  resulting  in  a 
pinion  bending  stress  of  44,608  psl  and  a  contact  stress  at  the  lowest  point 
of  single  tooth  contact  of  241,768  psl. 

The  basic  100  percent  bevel  gear  test  ’oad  level  for  this  program  was 
established  as  12,606  inch-pounds  of  pinion  torque  resulting  In  a  pinion 
bending  stress  of  36,948  psl  and  a  contact  stress  of  236,277  psl. 

The  criteria  for  definition  of  a  fai’ure  for  all  of  the  test  gears  used  in 
this  experimental  program  were  estaolished  as  follows: 

A.  A  minimum  of  one  pit  per  tooth,  on  each  of  three  nonadjacent  teeth 
* 

having  a  minimum  dimension  of  1/16  inch  shall  constitute  a  failure. 
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B.  The  appearance  of  a  crack  anywhere  on  the  test  parts.  The  results 
of  this  testing  are  discussed  in  paragraph  6. 

4.5  DESCRIPTION  OF  PHASE  III  TEST  PROCEDURES 

The  test  gear  design  and  fabrication  and  all  test  procedures  are  described 
under  paragraph  5.3. 
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5.  RESULTS  ANO  DISCUSSION 


5.1  PHASE  I  -  VACUUM  CARBURIZE  DEVELOPMENT 

5.1.1  Development  of  the  Vacuum  Carburize  Cycle  for  the  Vasco  X2M  Gear 

Material 

To  develop  the  vacuum  carburize  cycle  for  the  Vasco  X2M  material, 
approximately  50  standard  heat  treat  test  slugs  were  obtained  from  Litton 
Precision  Gear  and  sent  to  C.I,  Hayes.  Litton  had  prepared  these  slugs  by 
machining  a  gear  tooth  profile  in  a  cylindrical  bar.  The  profile  was 
representative  of  gear  teeth  presently  machined  by  dtton  for  CH-47D 
helicopter  transmission  components.  Use  of  this  standard  type  of  specimen 
allowed  an  accurate  assessment  of  the  amount  of  carburization  throughout  the 
tooth  profile  to  be  made, 

vasco  X2M  is  conventionally  carburized  at  1,700°P.  To  make  full  use  of  the 
Inherent  high  process  temperature  and  enhanced  diffusion  advantages  of  the 
vacuum  carburization  process,  the  Initial  temperature  evaluated  was  1,750’F. 
This  temperature  Is  100  degrees  below  the  hardening  temperature  and  below  the 
grain  coarsening  temperature  of  the  alloy.  The  remainder  of  the  heat  treat 
procedure,  l.e.,  the  hardening  cycle,  was  the  same  as  the  conventional  cycle 
for  this  material.  The  conventional  hardening  cycle  was  used  so  that  the 
carburizing  method  and  temperature  would  be  the  only  variables  to  observe  when 
comparing  conventional  data  previously  generated  to  the  data  obtained  in  th's 
program. 

In  addition,  use  of  the  standard  hardening  cycle  would  allow  a  much  easier 
Implementation  of  the  entire  process  Into  Industry. 

To  develop  the  vacuum  carburization  procedure  for  X2M,  C.I.  Hayes  personnel 
revleweo  previous  Boeing  Helicopters  IR&D  data  obtained  from  vacuum 
carburizing  the  Vasco  X2M  material.  Then,  various  cycles  were  evaluated  during 
the  developmental  stage  of  this  program,  as  listed  In  Table  6.  Evaluation  of 
the  data  from  these  runs  led  to  the  formulation  of  the  cycle  listed  below.  At 
least  three  heat-treat  test  slugs  were  used  per  run  (a  run  being  one  complete 
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TABLE  6.  VACUUM  CARBURIZE  -  X2M  EXPERIMENTAL  PROCEDURES 


Parameter 

1 

2 

3 

4 

5 

Pump  Down 

-- 

10  min 

10  min 

— 

— 

Heat  to  1,900°F 

28  min 

50  min 

50  min 

— 

— 

Soak  9  1,900”? 

35  min 

35  min 

20  min 

35  min 

35  min 

Cool  to  1,800°F 

1,750“F 
for  22  min 

1,750-F  for 

10  min 

6  min 

— 

-- 

Soak  9  1.800-F 

1 , 750”F 
for  10  min 

1,750°F  for 

10  min 

10  min 

10  min 

10  min 

Caro  9  1 ,000”F 

1,7  50 ’ F 
C3H,,  150 
Torr  at  40 
ft3/hr 

1 , 750°F 

C3Hs ,125  Torr 
at  40ft3/hr 

60  min 
CH4,255 
at  75  ft3 
/hr 

150  min 
CH4 ,250 
Torr  at 

75  SCF/hr 

150  min 
CH4 ,250 
Torr  at 

75  SCF/hr 

Diffuse  9  1,800” 

F  1,750"F 
for  4  min 

1,750”F  for 

4  min 

5  min 

255  min 

315  min 

Gas  Quench 

64  min 

60  min 

60  min 

Yes 

Yes 

Temper  9  1,25G“F 

No  90  min,  Nz 

90  min,  N2 

90  min 

90  min 

Heat  to  1 ,850°F 

31  min 

45  min 

45  min 

-- 

-- 

Soak  9  l,850”F 

20  min 

35  min 

35  min 

30  min 

30  min 

Oil  Quench 

35  min 

35  min 

35  min 

Yes 

Yes 

Freeze  9  -120’F 

— 

— 

Yes 

Yes 

Yes 

Temper  9  600“F  2+2  — 

— 

Yes 

Yes 

Yes 

ECD'S 

0.040  In  ! 
Hayes 

1.1*  C-Hayes 
0.045-.050" 
l.t*  C-BH 

3.045  In. 

Hayes 

0  per  BH 

0.047  In. 
Hayes 

0.080  In. 
Hayes 

0.085  in. 

Microstructure 

Carbide 

Network 

Broken 

Heavy 

Carbides 

Heavy 

Carbldes- 

Hayes 

Carbides 

9  0.5 
Hayes 

Broken 

Network 

Hayes 
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vacuum  carburize  and  harden  cycle),  and  ten  to  twelve  runs  were  made  using 
this  cycle. 

a)  Place  test  slugs  In  VSQ  vacuum  carburize  furnace. 

b)  Heat  to  1,900'F. 

c)  Soak  @  1,900°?  for  35  minutes. 

d)  Cool  to  1,750°?. 

e)  Carburize  @  1750°?  for  90  mlr.u  e%  i  -250  Torr, 

75  SCf/NA;  Target  effective  case  deptn  (ECO)  was 
0.040-0.060  Inch. 

f)  Gas  quench. 

g)  Reheat  to  1,850°?  for  harcenlng. 

h)  Hold  9  1,850’?  for  20  minutes. 

1)  011  quench. 

Each  run  was  made  to  simulate  an  actual  production  cycle  by  placing  several 
hundred  pounds  of  scrap  In  the  furnace  with  the  test  samples.  After 
completion  of  a  run,  the  samples  were  analyzed  by  both  Hayes  and  Boeing 
Helicopters  laboratory  personnel . 

The  metallurgical  characteristics  shown  on  Table  7  of  the  material  processed 
by  the  cycle  above  were  assessed  at  the  flank,  root,  and  root  fillet  positions 
of  the  test  slugs.  All  of  these  characteristics  were  considered  acceptable. 

TABLE  7.  METALLURGICAL  TEST  RESULTS  0?  VASCO  X2M 
VACUUM  CARBURIZE0  AT  1,750°? 


Property 

Flank 

Root 

Root  Fillet 

Carburization  Uniformity 

Acceptable 

Acceptable 

Acceptable 

Effective  Case  Depth 

0.048-1n. 

0.044-»n. 

0.044-1n. 

Surface  Hardness* 

R/C  63 

R/C  62 

R/C  62 

Core  Hardness 

R/C  42 

R/C  42 

R/C  42 

Surface  Carbon  Content** 

1.2* 

1.1* 

1.0* 

*  Direct  Rockwell  C  Scale. 

••Determined  by  Electron  Beam  Microprobe  Analysis. 


The  hardness  versus  depth  curve  obtained  from  the  same  test  slug  Is  given  In 
Figure  14. 

A  typical  percent  carbon  versus  depth  curve,  obtained  by  electron  beam 
microprobe  analysis  on  a  cross  section  through  the  test  slug  with  a  deep  ECO 
of  0.070-0.110  Inch,  Is  shown  In  Figure  15. 

Even  though  the  metal lurglcal  data  Indicated  that  acceptable  results  were 
obtained  from  this  vacuum  carburization  run,  the  following  changes  were  made 
to  the  process  to  c'lent  It  to  production  processing: 

a)  An  Increase  In  the  Vasco  X2M  steel  carburizing 
temperature  from  1,750’?  to  1,800”F. 

b)  A  longer  diffusion  time  during  carburizing  was  added. 

c)  A  stress  relief  anneal  cycle  at  1,250“F  was  added. 

The  carburizing  temperature  was  Increased  to  Improve  furnace  cycle  times, 
while  the  diffusion  time  was  increased  to  enhance  the  carburized  case 
microstructure  by  reducing  the  amount  of  carbide  at  the  surface  of  the  part. 
(Note  that  the  carbon  content  at  the  surface,  Figure  15,  is  approximately  1.5 
percent.  This  Is  higher  than  the  desired  0.9  to  1.2  percent  optimum  carbon 
content).  The  purpose  of  the  stress  relief  anneal  was  to  facilitate  standard 
CH-47  manufacturing  techniques  where  It  sometimes  becomes  necessary  to  machine 
gears  between  the  carburizing  and  hardening  cycles.  This  anneal  essentially 
lowers  the  hardness  of  the  carburized  surface  to  Rockwell  C  (R/C)  28-35,  which 
allows  machining  of  the  carburized  areas.  If  required. 

Incorporation  of  these  changes  resulted  In  the  vacuum  carburize  cycle  detailed 
below.  Note  that  use  of  the  vacuum  carburizing  procedure  negates  tht  use  cf 
the  preoxfdatlon  process,  which  Is  required  to  overcome  differences  between 
surface  and  bulk  diffusion  rates  when  carburizing  by  conventional  methods. 

This  cycle  contains  the  standard  hardening  sequence  used  for  X2M. 
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L)  Place  test  slugs,  test  part,  etc.,  in  VSQ  vacuum 
ca-burize  furnace- 

b)  Evacuate  chamber  to  500  Mu  vacuum  level. 

(The  heaters  in  the  VSO  furnace  do  not  come  on 
until  a  vacuum  of  500  Mu  is  reached.) 

c)  Heat  to  i,900°F. 

d)  Soak  @  1,900°F  for  35  minutes. 

e)  Cool  to  1.800^. 

f)  Soak  at  1,800°F  for  10  minutes. 

*g)  Carburfze  150  minutes  at  1,800SF  -  CH4  -  2SC  Tor-  - 
75  SCF/HR;  Target  ECO  of  0.070-0.110  Inch. 

**h)  Diffuse  for  315  minutes  at  1,800’F. 

1)  Gas  cuench. 

j)  Stress  relieve  at  1,250°F  for  90  minutes  in  vacuum. 

k)  Reheat  to  l,850*F  for  hardening  (500  Mu  vacuum). 

l)  Hold  @  i ,850 : F  for  30  minutes. 

m)  011  quench. 

n)  Deep  freeze  at  -120“F  for  120  minutes  at 
temperature. 

0)  Double  temper  at  600°F  for  2  hours  each. 

'Carburizing  time  for  STBF  &  scoring  tests  Is  60  mtnutes. 

"Diffusion  time  for  STBF  &  scoring  tests  is  15  minutes. 

The  above  cycle  was  utilized  to  vacuum  carburize  all  of  the  X2M  geared  roller 
test  specimens.  Part  Numbers  SK20895-1  and  -2.  The  single  tooth  bending 
fatigue  and  scoring  test  specimens  were  processed  by  the  same  cycle,  with  the 
exception  of  those  items  denoted  by  the  asterisks. 

Both  C.I.  Hayes  and  Summit  Gear  Co.  processed  these  gears  according  to  this 
process.  Evaluation  of  test  slugs  processed  with  the  geared  roller  specimens 
revealed  the  metallurgical  characteristics  shown  on  table  8. 
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TABLE  8.  METALLURGICAL  TEST  RESULTS  OF  VASCO  X2M  VACUUM  CARBURIZED 


Property  Res':  It 


Uniformity  Adaptable 

Effective  Case  Depth  0.086-in 

Surface  Hardness  R/C  63.5 

Surface  Carbon  Content  N/A 


The  case  and  core  microstructures  of  the  test  slugs  are  shown  in  Figures  16 
and  17.  The  case  microstructure  consisted  of  a  relatively  heavy,  intercon¬ 
nected  carbide  network  Interspersed  in  a  tempered  martensite  matrix  while  the 
core  microstructure  consisted  primarily  of  tempered  martensite  with  less  than 
two  percent  free  ferrite.  The  heavy  carbide  network  observed  at  the  surface 
of  the  test  slugs  was  considered  rejectable  per  Boeing's  conventional  carbur¬ 
izing  specification  D210- 10342-1  (Reference  1).  However,  since  the  test 
slug  had  not  been  ground  and  the  geared  roller  test  samples  were  to  be  ground, 
it  was  considered  that  the  heavy  network  at  the  surface  would  be  removed 
during  grinding.  As  a  result,  the  test  components  were  heat  treated. 

It  is  important  to  note  here  that  this  process  was  successful  in  producing  the 
desired  metallurgical  case  depth  characteristics.  In  addition,  the  use  of  the 
proprietary  preoxidation  process  (Reference  1)  was  not  required  nor  was  it 
utilized.  Also,  a  time  savings  of  approximately  60  percent  was  obtained  by 
vacuum  carburizing  (approximately  10  hours)  compared  to  conventional  carbur¬ 
izing  (approximately  24  to  30  hours).  This  time  savings  can  also  be  viewed  on 
the  basis  that  the  total  time  for  vacuum  carburization  and  hardening  was 
approximately  21  hours  compared  to  the  24  to  30  hours  required  solely  for 
conventional  carburization. 
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400X 


Figure  17.  Core  microstructure  of  vacuum  carburized  X2M 
consisting  of  tempered  martensite  Arrows 
indicated  areas  of  the  free  ferrite 
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As  a  result  of  the  development  of  the  vacuum  carburize  procedure  for  X2M,  C.I. 
Hayes  completed  the  formulation  of  the  empirical  equations  to  control  furnace 
time  In  relation  to  effective  case  depth.  The  equations  take  Into  account  the 
possibility  of  carburizing,  diffusion,  and  hardening  at  different  temperatures 
and  times.  The  report  written  by  C.I.  Hayes  covering  this  work  Is  shown  in 
Appendix  M. 

Following  the  above  evaluations,  gear  roller  test  specimens  were  fabricated 
and  tested.  Initial  test  results  revealed  that  the  mlcrostructural 
constituents,  i.e.  primarily  carbide  networks,  had  not  been  ground  off  of  the 
specimens  as  expected.  As  a  result,  the  gear  test  ata  was  considered  invalij 
and  not  representative  of  aircraft  quality  processir.  .  These  test  results  are 
discussed  in  paragraph  5.1.3.  Due  to  the  scope  and  schedule  of  the  program, 
furtrer  efforts  to  develop  an  optimized  vacuum  carburization  procedure  for  X2M 
were  continued  m  an  originally  unplanned  Phase  IV,  which  was  developed, 
submitted  to  amtl,  and  approved.  The  results  of  this  Phase  IV  work  are 
discussed  in  paragraph  5. A. 

All  cf  the  9310  vacuum  carburization  development  work  was  completed  in  Phase 
I,  as  detailed  in  the  next  section. 

5.1.2  Development  of  the  Vacuum  Carburize  Cycle  for  the  9310  Gear  Material 

As  st.v.ed  previously  In  this  report,  the  procedure  for  carburizing  9310  steel 
in  a  vacuum  had  been  developed  previously  by  the  C.I.  Hayes  Company. 

Effect i.e  case  depth  (R/C  50  depth)  versus  time  in  the  furnace  for  both 
carburizing  and  diffusion  cycles  had  also  been  developed.  Hayes'  work 
encompassed  vacuum  carburizing  temperatures  of  1,650’F  to  1,900’F,  while 
va-ying  surface  carbon  present  from  0.6  to  1.10.  This  data  is  given  in 
Appendix  N. 

In  accordance  with  the  program  requirements,  the  vacuum  carbirlzing 
temperature  first  evaluated  was  1 ,900 3 F .  (It  was  later  found  that  1,800  F  was 
optimum,  as  discussed  below.)  The  1,900^  temperature  was  200F  above  the 
conventional  carburizing  temperature  of  1,700’F.  As  with  the  Vasco  X2M  alloy, 
the  subsequent  hardening  heat  treat  procedure  for  9310  was  similar  to  the 


56 


alloy's  conventional  heat  treatment  so  that  the  only  variable  between  the  data 
developed  under  this  program  and  previously  developed  data  for  conventionally 
carburized  material  would  be  the  carburizing  method  and  temperature.  In 
addition,  implementation  of  the  process  Into  Industry  could  be  more  easily 
accompl i shed. 

A  typical  vacuum  carburize  test  cycle  procedure  utilizing  the  1,900°F  vacuum 
carburize  temperature  is  given  below: 

a)  Place  test  slugs  In  VSQ  vacuum  carburize  furnace. 

b)  Heat  to  1.900'F. 

C)  Soak  $  1.90CTF  for  30  minutes. 

d)  Carburize  at  1,900’f  for  60  minutes,  250  Torn  . 

75  SCF/HR;  Target  ECO  of  0.070-0.110  Inch. 

e)  Oiffuse  at  1,900'F  for  210  minutes. 

f)  Gas  quench. 

g)  Reheat  to  1,550’F. 

h)  Soak  at  1,550"F  for  40  minutes. 

I)  011  quench. 

J)  freeze  at  -120*F  for  120  minutes 

k)  Double  temper  at  300°F  for  2  hours  each. 

Test  slugs  were  exposed  to  this  cycle  and  then  metal lurglcal ly  evaluated. 
Results  of  the  evaluation  are  as  follows: 


Property 


Result 


Uniformity 
Effective  Case  Oepth 
Surface  Hardness 
Case  Hardness 
Surface  Carbon  Content 


Acceptable 
0.080  In. 
R/C  65 
R/C  41.0 
N/A 


The  above  data  Is  graphically  Illustrated  in  Figure  18.  Case  and  core 
microstructures  are  shown  In  Figures  19  and  20.  The  case  microstructure  was 
not  considered  typical  compared  to  that  observed  from  conventionally 


slug  dark  area 


9ure  19-  Case  microstructure  of  vacuum  9310  carburized 
at  1,90CrF.  Structure  consists  of  large  tempered 
martensite  needles,  retained  austenite,  and 
some  carbides 
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Figure  20 


Core  microstructure  of  9310  vacuum  carburized 
at  1,900°F  Structure  consists  primarily  of 
tempered  martensite 


carburized  material.  Very  little  carbide  was  observed,  large  martensite 
needles  were  apparent,  and  retained  austenite  was  prevalent  throughout  the 
case  structure.  The  core  structure  consisted  primarily  of  tempered 
martensite,  which  is  typical  for  this  alloy.  It  was  not  untl1  testing  of  the 
geared  roller  test  specimens  began  that  the  detrimental  effects  of  the  case 
microstructure  were  characterized. 

After  evaluation  of  the  test  slugs,  the  following  cycle  was  utilized  for  the 
geared  roller  test  specimens.  These  specimens  required  an  0.065-0.085  inch 
effective  case  depth  after  grinding. 

a)  Place  test  S'ugs,  test  parts,  etc.,  in  VSQ  vacuum 
carburize  furnace. 

b)  Evacuate  chamber  to  500  Mu  ’eve'. 

c)  Carburize  at  1,900°F  for  60  minutes,  250  Torr  - 
75  SCF ;  Target  ECO  0.070-0.110  Inch. 

d)  Diffuse  at  1,900°?  for  210  minutes. 

e)  Gas  quench. 

f)  Reheat  to  l,550°F  -  hold  40  minutes. 

g)  Oil  quench. 

h)  Cool  to  -120°F  -  hold  2  hours. 

1)  Double  temper  at  300°F  for  2  hours  each. 

Evaluation  of  the  test  slugs  ran  with  these  specimens  revealed  the  following: 

Property  Carburized  @  Summit  Carburized  @  Hayes 

Uniformity  Acceptable 

Effective  Case  Depth  0.088-ln. 

Surface  Hardness  R/C  63.0 

Surface  Carbon  Content  0,9-1. 2 

‘Results  from  three  test  slugs  evaluated  at  8oelng  Helicopters. 


Acceptable 
0.093-ln. 
R/C  63.0 
1.0-1. 2 
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Metallurgical  evaluation  of  the  carburized  case  microstructure  again  Indicated 
an  unusually  large  martensite  needle  formation.  A  lack  of  precipitated 
carbide  and  approximately  20  percent  retained  austenite  (determined  by  X-ray 
analysis)  was  also  noted.  The  structure  was  considered  to  be  the  result  of 
(1)  carburizing  at  1,900*F,  (2)  an  ineffective  quench  procedure  during 
hardening  of  the  material,  and  (3)  a  lack  of  stress  relief  annealing  In  the 
carbide  precipitation  range. 

As  a  result,  changes  to  the  carburizing  procedure  were  Incorporated  for  Items 
two  and  three  above.  The  carburizing  temperature  of  l,900’F  was  not  changed. 
;t  was  noted  that  the  core  microstructure  was  considered  acceptable  on  all 
test  samples  evaluated. 

Processing  of  the  single  tooth  bending  fatigue  test  and  rotating  fatigue  test 
gears  followed  closely,  from  a  scheduling  standpoint,  to  the  geared  roller 
rest  specimens.  While  vacuum  carburizing  these  components  at  1.900’F  at  C.I. 
Ha^es,  an  Inadvertent  vacuum  furnace  temperature  overrun  occurred  whereby  the 
temperature  of  the  furnace  exceeded  the  melting  point  of  copper  (approximately 
1 ,980“ F ; .  All  of  the  gears  had  been  previously  copper  plated  for  carburizing 
stop-off  purposes  in  the  web  section,  and  as  a  consequence  of  the  over 
temperature,  the  copper  plate  melted  on  all  of  the  components  In  the  furnace. 
C.I.  Hayes  Indicated  the  furnace  had  most  likely  reached  2000F  before  the  over 
temperature  was  observed.  Since  the  gears  were  suspended  on  a  bar  in  the 
furnace,  the  molten  copper  dripped  down  onto  the  teeth.  In  some  cases  the 
coppen  diffused  into  the  case  microstructure,  as  shown  In  Figures  21  through 
24.  As  a  result  of  the  copper  melting  onto  the  parts,  the  effective  case 
depths  on  the  gears  varied  significantly  depending  on  whether  the  gear  teeth 
were  up  or  down  while  on  the  bar  In  the  furnace.  This  Is  Illustrated  in 
Figures  25  and  26. 
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Figure  21  Rotating  fatigue  test  gear  (left)  and  single-tooth 
fatigue  test  gear  (right)  vac uu m  carb urized  in  a 
lot  whic h  was  inadvertently  e xposed  to  2,Q00°F 
Center  w eb  sections  were  coppe r  plated,  the 
teeth  were  not 
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Figure  22  Magnified  view  of  test  gear  shown  in  Figure  2V 
Copper  is  seen  on  tooth  tip  (arrow). 
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Figure  23  Flank  area  of  gear  tooth  shown  in  Fiaure  S  9 
Arrow  indicate?  copper  on  tooth  surface 


i 


rigure24  Root  area  of  gear  tooth  shown  in  Figure  22 
Atow  shows  copper  penet - dtinq  into  the  93 
substrate 
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Although  these  gears  had  to  be  scrapped,  several  important  carburizing 
considerations  were  brought  to  light: 

1)  Carburizing  at  1,900°F  of  parts  which  are  copper  plated  requires 
precise  temperature  control  to  insure  the  1,980°F  copper  meiting 
point  is  not  achieved.  This  could  pose  material  and  processing 
restrictions  to  industrial  use  of  the  process. 

2)  Vacuum  carburizing  furnaces  must  have  temperature  overrun 
contro’ling  thermocouples  which  are  p  acej  relatively  close  to  the 
production  load  of  compjnents. 

Wh-le  all  of  the  above  was  occurrirg,  testing  c*  the  geared  r0ner  test 
specimens,  which  were  vacuum  carburized  at  1,900°F,  had  begun.  Approximately 
25  of  the  60  specimens  were  tested.  Evaluation  by  Weibull  plot  analysis  of 
the  data  revealed  rolling  contact  fatigue  lives  much  less  than  expected.  A 
brief  summary  of  this  data  compared  with  previously  obtained  Weibull  plots 
* rom  conventionally  carburized  material  is  shown  in  Table  9. 

TABLE  9.  ROLLING  CONTACT  FATIGUE  LIVES  (x  10s  CVCLES)  OF  9310  VACUUM 

CARBURIZED  AT  1,900°F 

Carburized  Method  Life  (Cycles) 

BIO  B50  B9Q 

1,900°F  Vacuum  Carburize  419  72.1  112  3 

Conventional  Carburize  101.0  182.0  25C  0 

The  above  data  indicated  that  the  1,900°F  vacuum  carburized  samples  exhibited 
less  than  one-half  the  life  of  conventionally  carburized  material 
Metallurgical  evaluation  of  the  vacuum  carbur’zed  samples  revealed 
unacceptable  mi crostructural  characteristics  similar  to  those  indicated 
previously  in  this  report  for  test  slugs.  it  was  noted  that  even  w>tn  the 
Mnges  that  were  incorporated,  a  refinement  of  the  microstruc  tu- e  a- ■:  a> 
'ncrease  in  the  amount  of  carbide  did  not  occur 

As  a  result  of  these  gear  roller  evaluations,  processing  of  tne  single  tootn 
bending  fatigue  ana  rotating  fatigue  test  gears  was  stopped  Altn-.ugr  tne 
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gears  had  been  heat  treated,  finish  grinding  was  stopped.  Due  to  the  problems 
experienced,  ft  was  decided  to  lower  the  vacuum  carburl2lng  temperature  from 
1,900’F  to  l,800aF,  remanufacture,  and  retest  new  specimens,  l.e.,  geared 
roller,  single  tooth  bending  fatigue,  and  rotating  fatigue  test  gears. 

!t  should  be  noted  that  all  of  these  remanufactured  samples  were  produced 
within  the  budget  of  the  original  program.  Summit  Gear,  Stulen  Machine  Co., 
and  ultton  Precision  Gear  are  to  be  commended  for  their  assistance  in  this 
regard. 

'he  revised  vacuum  carburization  procedure  used  for  these  new  specimens  was  as 
fo l  lows : 


a)  Evacuate  chamber  to  500  Mu. 

b)  Soak  @  1,800!F  for  35  minutes. 

c)  Carburize  at  1,800”F  fgr  45  minutes;  Target  ECD 
0.040-0.060  inch. 

cl)  Oiffuse  at  1 ,800° F ,  80  minutes. 

e)  Gas  quench. 

f)  Anneal  at  1,275“F  In  nitrogen  for  120  minutes. 

g)  Soak  at  1,525’F  for  40  minutes. 

h)  Oil  quench. 

1)  Freeze  at  -120’F,  3  hours  minimum  at  temperature. 

.j)  Oouble  temper  at  300”F  for  2  hours  each. 

"eta" lurg!:al  evaluation  of  test  slugs  from  this  cycle  showed  a  refined  grain 
structure  in  the  case  with  some  precipitated  carbide  at  the  surface.  This 
structure  was  a  significant  Improvement  over  that  of  the  l,900°F  vacuum 
'.  a  ■*  our  ed  material  and  Indicated  that  the  lower  carburizing  temperature 
shcu'd  produce  the  desired  su-face  contact  fatigue  properties. 

a  re  u  t,  the  following  heat  treat  eye  e  was  used  to  vacuum  carburize  the 
■•-placement  "'310  reared  roller  test  specimens.  Part  Number  SK^QS-a. 
a  ace  ‘-st  s'ugs,  test  part,  etc.,  in  1SQ  vacuum 

carbgr:.e  f-'nace. 
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b) 


0 

d) 

e) 

f) 
g> 

h) 

i) 

j) 

k) 

l) 
">) 

Evaluat 


Evacuate  chamber  to  S00  Mu  vacuum  level. 

(The  heaters  In  the  VSQ  furnace  do  not  come  on 
until  a  vacuum  of  500  Mu  Is  reached). 

Heat  to  l,800°F. 

Soak  @  1,800°F  for  35  minutes. 

Carburize  150  minutes  at  1,800°F  -  CH4  -  250  Torr  - 
75  SCF/HR;  Target  ECO  0.070-0. 110  inch. 

Oiffuse  for  275  minutes  at  1,800°F. 

Gas  quench. 

Stress  relieve  at  1,250°F  for  2  hours  in  vacuum. 

Gas  quench. 

Reheat  to  1,525°F  for  40  minutes  in  vacuum. 

Oil  quench. 

Oeep  freeze  at  -120°F  for  3  hours  at  temperature. 
Double  temper  at  300CF  for  2  hours  each. 

ion  of  test  slugs  from  these  runs  revealed  the  following: 


Property 


Resul  t 


Uniformity 

Effective  Case  Oepth 
Surface  Hardness 
Surface  Carbon  Content 


Acceptable 
0.082-in. 
R/C  64.5 
h/A 


The  case  and  core  microstructures  produced  In  9310  by  this  cycle  are  seen  in 
Figures  27  and  28.  The  case  microstructure  consisted  primarily  of  tempered 
martensite  with  precipitated  carbide  at  the  surface.  Some  large  martensite 
needles  can  be  seen.  The  core  microstructure  appeared  to  be  typical  of  that 
of  conventiona1 1y  processed  9310  steel. 


Similar  to  that  mentioned  previously  for  X2M,  a  significant  time  savings  of 
approximately  60  percent  was  obtained  by  vacuum  carburizing  (approximately  9 
hours)  compared  to  conventional  carburizing  (approximately  24-30  hours).  Th;s 
time  savings  can  also  be  viewed  on  the  basis  that  the  total  time  for  vacuum 
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Figure  28  Core  microstructure  of  9310  vacuum  carburized 
at  1 ,800°F  Structure  consists  of  tempered 
martensite 
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carburization  and  heat  treatment  was  21  hours  compared  to  the  24-30  hours 
required  solely  for  conventional  carburization. 


Excepting  the  changes  to  the  carburizing  and  diffusion  times  as  shown  below, 
a'l  of  the  remanufactured  components  were  heat  treated  In  a  similar  manner  as 
detailed  above.  Summit  Gear  Company  heat  treated  all  of  these  components 
since  time  did  not  permit  manufacturing  and  shipping  of  two  groups  of 
specimens.  Also  detailed  below  Is  the  number  of  specimens  in  each  group  that 
were  processed.  The  results  of  the  testing  of  these  gears  are  discussed  in 
the  next  paragraph  5.1.3. 

TABLE  10.  TEST  GEARS  MANUfACTUREO  rR0M  AISI  9310  VACUUM 
CARBURIZED  AT  1,800°F 


Specimen  Type 

P/N 

Number  of 
Specimens 

Carburizing 
Time  (min) 

Diffusion 
Time  (min) 

Geared  Rol ler 

SK20895-4 

15 

150 

275 

Single  Tooth 

SK29572-10 

8 

45 

80 

Bending  Fatigue 
Rotating  Fatigue 

SK29571-10 

20 

45 

80 

5.1.3  Geared  Roller  Test  Results  for  X2M  and  9310  -  A  typical  Caterpillar 
geared  roller  test  machine,  shown  In  Figure  29,  was  used  for  these  tests.  Two 
machines  were  used.  A  typical  one  Inch  diameter  test  roll  made  from  the  Vasco 
X2M  steel  and  the  mating  five  inch  diameter  slave  roll  can  be  seen  in  Figure 
30. 


5. 1.3.1  Gear  Roller  Test  Machine  Problems  -  During  the  testing,  several 
problems  developed  with  the  test  machine  apparatus  which  invalidated  certain 
test  data.  These  problems  are  briefly  listed  below: 

(a)  Lubricating  jets  in  the  test  machine  were  clogged  with  debris,  thus 
not  allowing  proper  lubrication  of  the  test  specimen.  To  remedy 
this,  the  machine  was  completely  drained  of  oil,  cleaned  and 
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refined.  All  oil  lines  were  freed  by  forced  air  cleaning,  after 
which  testing  again  commenced. 

Several  of  the  test  rolls  slipped  during  testing.  This  slipping 
resulted  In  a  greater  number  of  recorded  test  cycles  than  the 
specimen  actually  experienced.  This  slipping  was  caused  by 
dimensional  discrepancies  on  the  test  roll  or  in  the  test  fixture. 

In  an  effort  to  eliminate  this  problem,  the  following  were  tried: 

(1)  Increasing  the  dimensions  on  the  stub  end  of  the  test  specimens 
during  machining  (this  was  done  prior  to  manufacture  of  certain 
test  rolls). 

(2)  Plating  the  stub  end  of  the  specimens  with  copper, 
nickel ,  etc. 

(3)  Applying  3M  loctlte  material  to  joint. 

Items  (2)  and  (3)  were  relatively  unsuccessful. 

Failure,  by  spalling  fatigue,  of  tne  five-inch  diameter  slave  roll. 
Since  this  component  mates  with  the  test  roll,  spalling  of  the  slave 
roll  results  in  distress  on  the  test  roll. 

Specimen  holder  test  machine  shafts  spalled.  To  solve  this  problem, 
the  shafts  were  ground  down  to  sub-size  and  oversize  bearings  were 
purcnased  and  Installed  on  the  sub-size  shaft  diameter.  Appendix  D 
details  the  remachining  requirements  of  the  test  machine  shafts. 

Prior  to  any  testing,  one  5  Inch  diameter  slave  roll  had  to  be 
reground  for  each  of  the  original  120  roll  test  specimens.  These 
were  reground  since  they  had  previously  been  utilized  on  the  program 
detailed  in  Reference  4.  A  drawing  of  the  specimen  Is  given  In 
Appendix  H.  Each  slave  roll,  after  regrind,  was  magnetic  particle 
Inspected.  Of  the  120  slave  rolls,  approximately  one  third  were 


found  to  contain  cracks.  None  of  the  ’■oils  with  cracks  were  used  In 
this  program. 

Test'rg  of  all  geared  roller  test  samples  was  not  accomplished  primarily  due 
to  problems  (b)  and  (c)  discussed  above.  However,  sufficient  data  was 
obtained  to  provide  the  significant  trends  discussed  below  for  9310  and  X2M. 

5. 1.3. 2  Testing  and  Evaluation  -  Initial  geared  roller  testing  was  performed 
at  several  hertz  compressive  stress  loadings.  The  stress  varied  from  288,000 
psi  hz  to  637,000  psi  Hz.  Oue  to  the  scatter  in  the  test  results  and  the 
presence  of  scuff inq-type  failures  rather  than  pitting  or  spa'ling,  :t  was 
decided  t.nat  a^l  testing  would  oe  accomplished  at  only  one  load  level  of 
450. OCO  psi  Hertz  stress.  (A  scuffing  mode  of  failure  is  one  in  which  heat 
excnange  occurs  after  an  oil  film  breakdown.  Pitting  or  spalling  is  a  fatigue 
fa'lure  with  no  evidence  of  heat  or  oil  film  breakdown  at  the  critically 
stressed  contact  point.) 

Each  test  'oil  was  labeled  with  mill  heat  number,  heat  treat  vendor  and  vacuum 
carburized  temperature.  This  labeling,  along  with  the  number  of  rolls 
manufactured  ard  tested,  is  shown  in  Table  11.  The  complete  test  data  obtaircJ 
for  the  9310  specimens  is  also  shown. 

The  method  of  evaluating  surface  contact  fatigue  data  is  by  Welbull  analysis, 
l.e.,  welbull  Distribution.  This  metnod  utilizes  straight  line  graphs  to 
represent  cumulative  percentages  of  failures  by  means  of  appropriate 
coordinate  scales.  This  method  Is  especially  convenient  foi  engineering 
purposes  because  a  clear  graphic  picture  of  fatigue  life  distribution  enhances 
conveyance  of  statistical  decisions  oased  on  the  data.  Reference  3  i(sts  tne 
method  of  evaluating  data  oy  this  technique. 
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TABLE  11.  GEARED  ROLLER  TEST  SPECIMEN  IDENTIFICATION 


TEST 

ROLL 

LABEL  material 

MILL 

HEAT 

NUMBER 

VAC  CARB 

TEMP0 (F) 

VAC  CARB 

VENDOR 

NUMBER 

OF  ROLLS 

MANUFACTURED 

NUMBER  OF 

ROLLS 

tested 

-1A 

Vasco  X2M 

5842 

1,800 

Summit 

15 

10 

-18 

Vasco  X2M 

5842 

1,800 

Hayes 

’5 

10 

-2A 

Vasco  X2M 

86510 

1,800 

Summl t 

15 

10 

-28 

Vasco  X2M 

86510 

1,800 

Hayes 

15 

10 

-3A 

9310 

86510 

1,900 

Summit 

15 

5 

-38 

9310 

86670 

1,900 

Hayes 

15 

5 

-4A 

9310 

86043 

1,900 

Summit 

15 

7 

-4B 

9310 

86043 

1,900 

Hayes 

15 

6 

-4 

9310 

86043 

1,800 

Summit 

15 

10 

Each  test  group  was  plotted  Individually  on  We^juli  Distribution  paper.  In 
addition,  the  data  was  plotted  together  in  one  sample  size.  This  was  done 
since  the  combining  of  similar  groups  result  in  more  significant  data  because, 
as  the  sample  size  Increases,  the  reliability  of  the  data  also  increases.  The 
data  obtained  Is  shown  In  Figures  31  to  33,  The  raw  data  Is  shown  in  Appendix 

One  of  the  values  of  the  Welbull  distribution  plot  Is  that  comparisons  can  be 
made  by  determining  the  variation  of  BIO,  B50,  and  B90  life  of  the  different 
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WElflUU  PLOT  OF  GEARED 
R0UE»  test  DATA 

A  93 10- JA  (SUMMIT) 

0  9310-38  (HAYES) 

0  9310  4A  (SUMMIT) 

0  9310  48  (HAYES) 

AU  OATA  FROM  MATEHiA. 
VACUUM  CAftSuRiZEDAT 
l.900’F 


Figure  32  Weibull  plot  of  qea-  roller  tot  data  for  AISI  9310  vacuum  carburized 
at  1,800°F 
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weisuu  Plot  of  geared 

ROuERTEST  DATA 

O  VASCO  XJ-  VAC'JUM 
CARBURIZED  AT  1.800‘f 
(71  8310 -VACUUM 
‘-'CARBURIZED  AT  1,800‘f 
A  8110  -  VACUUM 
‘-‘CAR8URIZE0AT  1.800‘f 
NOTE  RuNOuTS  NOT  INCLUDED 


groups  tested.  BIO  life  Is  defined  as  the  life,  In  cycles,  at  which  10 
percent  of  all  tested  samples  have  failed.  850  and  890  lives  are  similarly 
defined. 

After  determining  the  810,  B50,  and  890  lives  of  9310  and  X2M,  bar  charts 
comparing  the  vacuum  carburized  versus  conventionally  carburized  rolling 
contact  fatigue  lives  were  developed,  as  shown  In  Figure  34.  The 
conventionally  carburized  data  was  obtained  from  References  4  and  5. 

Evaluation  of  the  data  revealed  the  following: 

9310  Steel 

Comparison  of  the  vacuum  carburized  9310  steel,  carburized  at  1,800°F,  with 
the  conventional  carburized  data  revealed  the  810  and  850  lives  of  the  former 
were  slightly  lower  than  the  latter,  as  seen  In  Table  1?.  B9C  lives  were 
the  same.  This  data  Is  also  shown  in  Figure  34. 

TABLE  12.  9310  ROLLING  CONTACT  FATIGUE  LIFE  COMPARISON 

MATERIAL  VACUUM  CARBURIZEO  AT  1800F. 

Carburized  Method  _ Life  (Cycles) _ 

810  850  B90 


Vacuum  6.9x10s  1.55x10®  2.55x106 

Conventional  1.17x106  1.85xl0«  2.55x10® 

Also  Illustrated  In  Figure  34  are  the  lives  of  the  9310  vacuum  carburized  at 
l ,900"F .  The  lives  of  material  produced  at  the  1,900'F  vacuum  carburizing 
temperature  were  much  reduced  compared  to  the  lives  of  conventionally 
carburized  steel. 

Observing  Figure  31,  little  effect  of  the  two  different  mill  heats  or  vacuum 
carburizing  vendors  Is  apparent.  This  is  one  of  the  reasons  that,  when 
redeveloping  the  heat  treatment  of  this  material  at  1,800°F,  it  was  decided  to 
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ROLLING  CONTACT  FATIGUE  LIFE 


use  only  one  mill  heat  and  one  vacuum  carburizing  vendor  (other  salient 
reasons  were  cost  and  schedule). 

Vasco  X2M 


The  results  of  the  X2M  geared  roller  tests  are  compared  In  Figure  34  with 
those  obtained  previously  for  conventionally  carburized  X2M.  The  results  show 
an  Improvement  In  rolling  and  sliding  performance  of  the  alloy  based  on  BIO, 
B50,  and  B90  lives  compared  to  those  of  conventionally  carburized  X2M. 

Ouring  these  geared  roller  tests,  the  single  tooth  bending  fatigue  and  scoring 
tests  were  initiated.  As  will  be  discussed  in  paragraphs  5.1.4  and  5.1.5 
covering  the  results  of  these  tests,  an  improvement  In  properties  similar 
to  those  shown  In  Figure  34  was  not  obtained.  The  reason  for  the  variability 
in  property  Improvements  was  attributed  to  the  interconnected  carbide  network 
In  the  case  of  X2M.  The  effects  of  this  microstructure  are  discussed  further 
in  the  following  section. 

5. 1.3.3  Metallurgical  Evaluation  of  Test  Samples 

Several  test  rollers  of  each  alloy  were  metallurgicaily  evaluated.  The 
following  metallurgical  tests  and  characteristics  were  evaluated  and 
documented: 

(a)  Spall  circumferential  and  axial  length  dimensions 

(b)  Temper  etch  for  grinding  burrs 

(c)  Surface  hardness 

(d)  Core  hardness 

(e)  Effective  case  depth  -  determined  at  R/C  50  depth 

(f)  Case  and  core  microstructure. 

Metallurgical  evaluation  of  a  representative  sampling  of  the  geared  roller 
test  specimens  Is  given  in  Table  13  with  corresponding  microstructures  from 
test  specimens  shown  in  Figures  35  through  37. 
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TABLE  13. 

metallurgical  oata 

OF  GEARED 

ROLLER  TEST  SPECIMENS 

Spall  Dimensions 

Surface 

Core 

Specimen 

Circumferential 

Axial 

Hardness 

ECO 

Hardness 

Material 

Number 

Length-In. 

Length-In. 

R/C 

(IN) 

R/C 

Vasco  X2M 

-1A,  1 

0.17 

0.12 

63.5 

0.080 

43.5 

vasco  X2M 

-IB, 5 

0.24 

0.20 

62.0 

0.092 

45.0 

Vasco  X2M 

-2A.6 

0.15 

0.12 

61.0 

0.081 

44.0 

vasco  X2M 

-2B ,  l 

0.18 

0.06 

63.5 

0.078 

43.0 

9310 

-4,10 

0.20 

0.29 

63.5 

0.065 

38.5 

As  mentioned  In  paragraph  5.1.1,  mlcrostructural  evaluation  of  the  Vasco  X2M 
material  disclosed  that  the  case  consisted  of  tempered  martensite  with  a 
continuous  carbide  network.  This  carbide  network  was  found  to  extend  to  a 
maximum  depth  of  0.020-ln.  Data  detailed  In  Reference  6  Indicates  that  the 
carbide  network  has  been  shown  to  produce  better  contact  fatigue  life  than 
that  produced  by  a  pure  martensite  structure.  Apparently,  the  network  acts 
as  a  stiffener  to  the  structure.  This  Is  consistent  with  the  results  shown 
in  this  work  since  the  vacuum  carburized  AISI  9310  material  case 
microstructure  did  not  contain  a  carbide  network  and  did  not  exhibit  an 
equivalent  rolling  contact  fatigue  life.  As  the  data  bears  out,  the  vacuum 
carburized  Vasco  X2m  contact  fatigue  life  was  superior  to  that  of  the  9310 
steel.  It  Is  noted  here  that  the  X2M  case  microstructure  was  not  typical  of 
that  observed  In  conventionally  carburized  transmission  components  due  to 
carbide  networks  that  are  not  permitted  by  specification.  As  mentioned 
previously,  refinements  to  the  vacuum  carburizing  technique  for  X2H  were 
undertaken  In  Phase  IV  of  this  program  to  eliminate  this  type  of  unwanted 
Structure. 

The  core  microstructure  of  both  materials,  Vasco  X2M  and  9310,  was  considered 
typical  to  that  observed  during  conventional  heat  treatment.  The  only 
difference  noted  was  that  there  was  less  than  one  percent  visual  estimate  free 
ferrite  In  the  core  microstructure  o^  the  Vasco  X2M  materials.  This,  however, 
is  not  considered  significant. 
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Evaluation  of  several  of  the  test  rollers  also  confirmed  that  the 
carburization  was  uniform  in  both  alloys  with  no  evidence  of  spottiness. 
Surface  hardness,  case  hardness  and  effective  case  depths  were,  for  the  most 
part,  within  drawing  requirements.  Dimensional  evaluation  of  the  spall 
present  on  each  failed  specimen  revealed  all  to  be  similar.  Representative 
examples  of  spall  dimensions  were  given  in  Table  7. 

5.1.4  Single  Tooth  Bending  fatigue  Life  Test  Results 

The  results  of  each  alloy  are  discussed  separately  below. 

5. 1.4.1  A [ S I  9310  Oata  Evaluation  -  All  9 3 1C  test  gears  in  this  program  were 
manufactured  from  a  single  heat  of  double  vacuum  melted  material.  The  results 
of  this  testing  are  presented  in  the  S/N  curve  shown  In  Figure  38.  All  of  the 
raw  data  are  shown  in  Appendix  Q.  Baseline  data  for  air  melt  quality  and 
double  vacuum  melted  quality  9310  were  used  for  comparison  to  this  data, 
figure  39  shows  the  results  of  the  previous  double  vacuum  melt  9310  testing. 
Except  for  the  fact  that  the  99X  confidence  band  on  the  mean  for  the  vacuum 
carburized  material  Is  slightly  smaller  than  that  for  the  conventional ly 
carburized  material,  the  two  curves  exhibit  no  significant  differences.  Based 
on  this  data,  It  must  be  concluded  that  the  vacuum  carburizing  process  did  not 
affect  the  bending  fatigue  strength  of  the  A t S I  9310  material  In  any  way, 
either  beneficially  tr  detrimentally. 

An  Interesting  sidelight  to  the  vacuum  vs.  conventional  carburization  process 
evaluation  Is  to  compare  both  Figures  38  and  39  to  figure  40  which  shows 
similar  bending  fatigue  data  for  air  melt  9310  steel.  The  Improvement 
obtained  from  the  double  vacuum  melt  over  air  melt  material  is  quite  obvious 
and  very  s lgr.1  f  1  cant . 

5. 1.4.2  Vasco  X2M  Oata  Evaluation  -  Two  different  heats  of  Vasco  X2M  material 
were  used  in  manufacturing  these  test  gears.  All  of  the  gears  were  machined 
by  a  single  vendor.  However,  each  heat  was  separated  Into  two  groups,  and 
each  group  was  heat  treated  by  a  different  heat  treat  vendor.  The  different 
heats  are  Identified  by  the  dash  number  associated  with  each  part  number  while 
the  heat  treaters  are  identified  as  "Heat  Treater  A”  and  "Heat  Treater  8," 
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respectively.  By  manufacturing  the  gears  In  this  manner.  It  was  possible  to 
determine  If  th»re  was  a  significant  difference  In  the  results  between  either 
different  heats  of  the  same  material  or  between  different  heat  treaters 
working  to  the  same  heat  treatment  specifications. 

Figure  41  shows  all  of  the  Vasco  X2M  data  plotted  together,  l.e  both  heats  and 
both  treaters.  From  Figures  42  and  43  which  show  the  results  for  the  two 
heats  cf  material  separately,  it  can  be  concluded  that  there  does  not  appear  to 
be  a  difference  between  the  two  heats  of  material  used.  However,  Figures  44 
and  45  Indicate  that  there  Is  a  difference  between  the  two  heat  treat  vendors, 
with  Vendor  B  producing  gears  with  a  slgntf Icantly  higher  bending  fatigue  load 
capacity. 

The  major  consideration  In  this  program,  however,  was  whether  or  not  the 
vacuum  carburizing  procedure  significantly  affected  the  bending  fatigue 
capacity  of  the  gears  when  compared  with  that  of  conventionally  carburized 
material.  As  can  be  seen  by  comparing  the  data  in  Figure  46,  which  is  the 
existing  Vasco  X2M  Dasellne  data,  with  any  of  the  foregoing  charts,  the  vacuum 
carburized  Vasco  )2H  gears  nave  significantly  lower  bending  fatigue  capacity, 
regardless  of  heat  or  heat  treat  vendor. 

As  mentioned  previously  In  paragraph  5.1.1,  metallurgical  evaluation  of  the 
vacuum  carburized  X2M  material  indicated  the  presence  of  a  heavy  carbide 
network  In  the  surface  and  near  surface  microstructures.  Since  this  Is  an 
undeslraoie  condition  for  good  bending  fatigue  resistance,  the  heat  treatment 
procedure  was  revised  In  an  effort  to  Improve  this  property.  The  revision  of 
the  X2M  vacuum  carburization  procedure  was  conduced  in  Phase  IV,  the  results 
of  which  are  discussed  in  paragraph  5.4. 

5.1.5  Scoring  Test  Results 

The  data  obtained  from  the  scoring  tests  was  evaluated  In  Haht  of  previous 
data  obtained  from  similar  test  programs,  References  5,  6,  and  7.  All  three 
of  the  referenced  programs  used  the  same  test  rig  and  test  method  as  the 
current  program.  The  basic  geometry  of  the  test  gears  used  in  the  Reference  6 
and  7  testing  *as  Identical  to  the  current  specimen  geometry.  However, 
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M I L - l - 7808  oil  was  used  as  the  test  oil.  The  testing  defined  In  Reference  7 
was  conducted  using  gears  of  similar  design  and  manufacture  as  those  used  In 
the  current  program  But  of  somewhat  large  size  (l.e.,  >  0.25-lnch  face  width 
and  12. 75  pitch  diameter  gear  set  operating  on  10  Inch  center  distance)  than 
the  current  gears.  The  9310  material  used  In  Reference  2  was  for  air  melt 
material  and  that  used  In  Reference  4  was  for  single  vacuum  melt  material, 

0.24  carbon. 

The  raw  data  obtained  from  the  scoring  tests  Is  shown  In  Appendix  R.  Table  14 
presents  a  statistical  summary  of  the  data  obtained  In  the  current  program 
and,  for  reference  purposes,  the  same  data  from  the  baseline  testing 
(References  5,  6,  and  7).  figure  47  shows  the  same  data  g-apnlcally. 

Several  very  significant  facts  are  immediately  apparent  from  examination  of 
this  data.  The  most  significant  Is  that  the  mean  flash  temperature  at  failure 
is  higher  for  the  vacuum  carburized  9310  and  X2M  materials  than  it  is  for  the 
baseline  data.  Also  important  Is  that  for  X2M,  the  vacuum  carburizing  process 
(l.e.,  heat  treater  A  vs.  0)  did  result  in  a  performance  variation,  but  no 
difference  based  on  mill  heat  (-1  vs  -2)  within  each  heat  treater.  The 
coefficient  of  variation  (which  is  the  standard  deviation  divided  by  the  mean) 
is  quite  low  for  all  samples. 

In  general,  the  data  from  the  current  program  is  slightly  more  consistent 
(within  parameters)  with  less  scatter,  as  evidenced  by  the  smaller  standard 
deviations,  than  the  baseline  data. 

In  addition,  It  Is  Interesting  to  note  that  the  scoring  load  capacity  of  gears 
heat  treated  by  Vendor  A  Is  higher  than  that  of  gears  heat  treated  by  Vendor 
B,  while  the  relationship  for  bending  fatigue  loed  capacity  is  exactly  the 
opposite  (l.e.,  for  bending,  Vendor  B  heat  treat  resulted  In  higher  load 
capacity  than  Vendor  A).  Both  conditions  are  likely  due  to  the  heavy 
continuous  carbide  networks  which  were  present  In  gears  heat  treated  by  Vendor 
A.  Since  the  carbide  network  condition  reduces  bending  capacity  but  improves 
both  durability  and  scoring,  these  results  are  certainly  consistent. 
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TABLE  14.  SCORING  TEST  RESULTS 


5.2  PHASE  II 


SURFACE  DURABILITY  EVALUATIONS 


In  Phase  II,  the  surface  durability  of  the  vacuum  carburized  9310  material  was 
investigated  through  testing  and  evaluation  of  spu'  and  spiral  bevel  gears. 

The  surface  durability  of  X2M  was  not  evaluated  because  the  vacuum 
carburi zatlon  procedure  was  not  optimized,  as  discussed  in  Section  3  and 
paragraph  5. a. 

5.2.1  Introduction 

The  primary  concern  of  the  transmission  gear  design  engineer  is  to  provide 
adequate  tooth  strength,  for  this  reason,  year  materials  are  selected  mainly 
for  beum  strength.  To  improve  the  sliding  behavior  of  the  material,  the  usual 
procedure  Is  to  then  harden  the  surfaces.  Due  to  the  emphasis  on  the 
development  of  gear  materials  for  strength  rather  than  for  good  sliding 
characteristics,  most  aircraft  gears  will  pit  or  spall  under  conditions  which 
are  far  less  severe  than  those  which  would  cause  toc-h  breakage,  particularly 
at  low  speeds.  In  many  aircraft  gear  applications,  pitting  is  a  limiting 
factor  In  reducing  the  size  and  weight  of  transmissions. 

As  was  the  case  with  the  previously  described  bending  and  scoring  tests,  the 
surface  durability  or  pitting  resistance  of  gears  heat  treated  by  the  vacuum 
process  must  be  evaluated  to  ensure  that  these  gears  exhibit  load  capacity 
levels  at  least  equivalent  to  those  of  conventional ly  carburized  gears. 

Because  the  vacuum  carburizing  process  was  not  optimized  for  the  X2M  material 
at  the  time  the  durability  test  gears  were  manufactured,  no  X2M  gears  were 
tested. 

5.2.2  Results  and  Analysis  of  9310  Gear  Tests 

[nIMal  light  scoring  was  observed  at  the  100  percent  load  level  on  most  of 
the  spur  gear  test  specimens.  However,  after  the  gears  were  lightly  polished, 
tne  light  scoring  appeared  to  stabilize  and  "heal  over"  at  the  conclusion  of 
tne  100-percent  load  run. 

Initial  light  scoring  Is  a  state  of  lubrication  phenomena  which  develops  as  a 
result  of  surface  asperity  contacts.  The  local  high  spots  concentrate  the 


load  In  these  areas  permitting  metal -to-metal  contact,  along  with  concentrated 
pressures.  Continued  ope'atlon  at  moderate  loads  will  eventually  wear  down 
the  localized  high  spots  (aspeHtles)  and  thereby  permit  -improved  load 
distribution  which  In  turn  will  result  In  a  healed  over  (polished)  condition. 

A  frosting  condition  on  the  pinion  dedendum  (the  area  between  the  pitch  circle 
and  the  «tart  of  the  root  radius)  was  usually  observed  at  the  160  percent  load 
level;  however,  the  severity  of  this  condition  was  not  apparent  during  normal 
visual  observation. 

The  pitting  condition  sustained  by  the  gear  test  specimens  appears  to  be 
typical  of  destructive  pitting  usually  found  In  the  dedendum  of  the  driving 
member  in  a  reduction  gear  drive.  This  condition  Is  characterized  by  the 
appearance  of  pits,  of  at  least  l/32-1nch  In  diameter,  in  the  dedendum  region. 
This  type  of  pitting  failure  will  usually  progress  in  size  and  number  of  pits, 
with  repeated  stress  cycles. 

The  data  obtained  from  the  durability  testing  was  statistically  analyzed  in 
the  same  manner  as  the  single  tooth  bending  fatigue  data.  The  results  of  this 
analysis  are  shown  in  Figures  48  and  49  for  the  spur  and  bevel  gears, 
respectively . 

When  this  data  Is  compared  to  the  spur  gear  durability  baseline  data  shown  In 
Figure  50,  it  Is  obvious  that  the  vacuum  carburizing  process  has  not  adversely 
affected  the  surface  load  capacity  of  the  gears.  It  should  be  noted  that  the 
baseline  data  was  obtained  with  air  melt  material  and  thus  some  Improvement 
may  be  expected  simply  through  the  use  of  double  vacuum  melt  material  In  the 
vacuum  carburizing  program.  Even  considering  this  effect,  however,  the 
comparison  indicates  that  the  vacuum  process  produces  gears  with  surface  load 
capacity  characteristics  at  least  as  good  as  those  of  conventionally 
carburized  gears.  In  all  likelihood,  the  characteristics  of  the  vacuum 
carburized  gears  is  better  In  this  resoect. 

In  reviewing  the  spiral  bevel  gear  data,  1c  should  be  noted  that  no  actual 
pitting  failures  occurred.  Due  to  the  very  high  loads  which  were  required  In 
this  program,  fretting  occurred  at  the  Interface  between  the  pinion  bore  and 
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Its  supporting  shaft.  This  fretting  eventually  generated  a  crack  at  the 
bore-shaft  Interface  and  the  tests  were  halted  each  time  a  crack  became 
apparent.  Several  attempts  were  made  to  Improve  this  joint.  The  attempts 
Included  higher  bolt  torques  and  Improved  finish  at  the  joint.  These  changes 
were  only  successful  In  forestalling  the  occurrence  of  the  cracks,  they  did 
not  eliminate  them.  Despite  this  problem,  however,  enough  cycles  were  run 
without  a  pitting  fa' lure  to  provide  a  worst  case  Indication  of  the  behavior 
of  the  material.  In  performing  the  analysis  of  the  bevel  gears,  therefore, 
each  test  data  point  was  treated  as  a  durability  failure  even  though  no 
pitting  occurred,  in  this  woy,  the  data  provided  an  Indication  of  the 
behavior  of  the  vacuum  carburized  gears. 

5.3  Phase  III  -  VACUUM  CARBURIZED  GEAR  TESTING  AND  IMPLEMENTATION  PLAN 

The  objective  of  this  phase  was  two  fold:  first,  to  vacuum  carburize  and  heat 
treat  a  gear  of  complex  geometry  and  test  It  In  a  3oe1ng  Helicopters  CH-47C 
transmission,  and  second,  to  develop  a  plan  to  Implement  the  vacuum 
carburization  procedure  developed  In  this  program  into  production.  The 
following  sections  detail  the  results  of  these  efforts. 

5.3.1  Vacuum  Carburized  Gear  Testing 

The  gear  selected  for  vacuum  carburizing  evaluation  and  helicopter 
transmission  testing  was  a  spiral  bevel  input  pinion  gear.  Part  Number 
11405245-10,  Serial  Number  M5373,  and  Is  shown  In  Figure  51.  The  drawing  for 
this  part  is  found  In  Appendix  S,  This  gear  Is  used  in  Boeing  Helicopters 
CH-47C  combining  transmissions,  and  Is  located  In  the  position  shown  in  Figure 
52.  This  gear  was  selected  due  to  its  complex  geometry  and  the  extensive 
amount  of  time  required  for  conventional  carburization  and  hardening,  which 
could  be  substantially  reduced  by  use  of  the  vacuum  carburization  and  heat 
treat  procedure  developed  In  this  program. 

This  gear  was  vacuum  carburized  by  Summit  Gear  and  heat  treated  and  machined 
by  Litton  Precision  Gear.  The  carburization  and  heat  treat  processing  cycle 
as  well  as  other  processing  details  are  discussed  in  paragraph  4.2.3. 
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Figure  52.  Location  of  spiral  bevel  input  pinion  gear  in  CH-47C  transmission 
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Following  processing,  the  gear  was  assembled  In  a  CH-47C  combining 
transmission  and  bench  patterned  In  accordance  with  normal  Boeing  Helicopters 
procedures.  The  bevel  gear  contact  patterns  obtained  were  typical  of  normal 
production.  All  components  used  In  the  gear  bo*  were  standard  production 
parts  except  that  the  right  hand  engine  drive  pinion  was  the  vacuum  carburized 
test  part. 

After  the  gear  box  was  assembled,  it  was  installed  In  the  production  test 
stand  and  subjected  to  a  standard  production  run-in  procedure.  This  procedure 
consists  of  running  the  box,  in  sequence,  at  10  percent  load  and  full  speed 
for  one-half  hour,  at  50  percent  load  and  full  speed  for  one-half  hour,  and  at 
100  percent  load  and  full  speed  for  one  hour.  The  load  run-in  Is  followed  by 
a  visual  inspection  of  the  gear  tooth  contact  patterns  by  removing  only  the 
pinion  cartridge  from  the  housing. 

Subsequent  to  the  production  run-in,  the  gear  box  was  reinstalled  in  the  test 
stand  and  run  for  20  hours  at  100  percent  of  the  single  engine  power  and  speed 
rating.  Ouring  this  running,  all  standard  Instrumentation  (measuring  oil 
temperature  and  pressure,  ambient  air  temperature,  shaft  torque,  etc.)  was 
operational. 

The  gear  box  was  then  removed  from  the  test  cell,  completely  disassembled,  and 
visually  Inspected.  The  condition  of  the  vacuum  carburized  gear  and  all  other 
components  was  typical  of  that  observed  on  other  gear  boxes  after  similar 
loading  conditions.  No  distress  of  any  kind  was  observed,  and  all  parts  were 
In  acceptable  condition. 

Metallurgical  evaluations  (both  destructive  and  nondestructive)  were  conducted 
on  the  gear  after  the  test.  These  evaluations  Included  the  following: 
magnetic  particle  Inspection;  temper  etch  inspection  (to  detect  grinding 
burns);  chemical  composition;  case  and  core  microstructures;  effective  case 
depths  and  surface  and  core  hardnesses;  dimensional  checks  of  the  gear  teeth 
root  fillets;  carbon  content  of  the  carburized  case  as  a  function  of  depth 
from  the  gear  tooth  surface;  and  a  residual  stress  profile  of  a  gear  tooth. 

All  of  these  items  conformed  to  the  requirements  of  the  engineering  drawing 
and  related  specifications.  No  cracks  or  temper  burns  were  found  during  the 
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magnetic  particle  or  temper  etch  inspections,  respectively.  The  chemical 
composition  conformed  to  the  requirements  of  Boeing  Helicopters  Specification 
BMS  7-249C,  and  the  carbon  content  as  a  function  of  distance  from  a  tooth 
flank  surface  was  similar  to  that  for  a  conventionally  carburized  gear.  The 
residual  stress  profile  was  also  similar  to  that  for  a  conventionally 
carburized  and  shot  peened  gear.  The  case  and  core  microstructures,  shown  in 
Figures  53  and  54  were  also  similar  to  those  of  a  conventionally  carburized 
gear.  A  closer  view  of  the  vacuum  carburized  gear  teeth  Is  shown  In  Figure 
55.  The  appearance  of  the  teeth  surfaces  is  the  same  as  that  of  a 
conventionally  carburized  gear.  The  evaluations  are  listed  in  the  Boeing 
Helicopters  Materials  Engineering  Laboratory  Report  number  88-164  found  in 
Appendix  T. 

5.3.2  Implementation  Plan 

Implementation  rf  vacuum  carburization  into  the  Aerospace  gear  Industry  could 
be  relatively  easily  accomplished.  As  discussed  previously  in  this  report,  the 
two  spiral  bevel  gears  produced  In  Phase  III  were  manufactured  alongside  other 
gears  of  the  same  type,  with  the  only  exception  being  the  use  of  a  vacuum 
carburization  procedure  In  place  of  a  conventional  carburization  procedure.  It 
should  be  noted  that  vacuum  carburization  was  not  conducted  in  a  laboratory, 
but  in  an  actual  production  environment  at  Summit  Gear  Corp.  Use  of  this 
vacuum  carburization  procedure  Slgn;f1cantly  reduced  the  amount  of  time  needed 
to  produce  these  two  gears  compared  to  that  required  to  produce  those  in  the 
same  group  that  were  conventionally  carburized.  All  other  production  processes, 
such  as  grinding,  heat  treatment,  and  inspection,  were  the  same  for  all  gears. 

Six  items  have  been  identified  as  requiring  modification  to  allow  the  use  of 
vacuum  carburization  in  production.  Each  is  discussed  separately  below. 

1.  Develop  a  vacuum  carburization  specification  for  aISI  9310.  Boeing 
Helicopters  carburizing  and  hardening  specification  for  9310, 

0210- 12023 • 1 ,  would  be  ammended  to  include  the  vacuum  process  as  a 
second  carburization  method.  To  distinguish  between  the  two 
carburizat ion  methods,  the  vacuum  process  would  be  Identified  as 
Type  II,  and  the  conventional  process  would  be  identified  as  Type  [. 
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Figure  54  Core  murostructure  of  vacuum  carburized  9310 
spiral  bevel  gear  Structure  is  primarily 
tempered  martensite 
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Figure  55.  Vacuum  carburized  9310  gear  tooth  surface 
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All  of  the  the  details  of  the  process  Including  times  and  tempera¬ 
tures;  gas  type,  pressure,  and  flow  rates;  etc.,  would  be  cleariy 
specified. 

2.  Alter  part  drawings  to  Indicate  that  the  part  Is  to  be 
manufactured  by  vacuum  carburization.  The  drawing  note  concerning 
carburization  method  would  be  changed  to  reflect  the  vacuum 
carburization  method,  as  mentioned  ;n  number  1  above. 

3.  Alter  manufacturing  plans  to  change  the  carburization  orocedure  from 
the  conventional  method  to  the  vacuum  method.  The  manufacturing  plan 
for  each  part/vendor  would  be  changed  to  detail  how  each  would 
specifically  produce  the  gear,  included  would  be  all  times  and 
temperatures;  gas  type,  pressure,  and  fic»  rates;  and  all  other 
details  of  the  method. 

In  addition,  manufacturing  plans  may  be  altered  to  allow  less  stock 
removal  during  final  grinding,  thus  further  decreasing  gear  produc¬ 
tion  time.  Any  change  in  grinding  stock  would  only  be  allowed, 
however,  after  careful  evaluation  of  the  amount  of  part  warpage  that 
occurs  during  vacuum  carburizat ion  compared  to  that  which  occurs 
during  conventional  carburization.  If  it  is  found  that  the  shorter 
vacuum  carburizat Ion  time  does  not  allow  for  as  much  part  warpage  as 
the  longer  conventional  caburlzatlon  method,  then  a  reduction  in  the 
grinding  stock  may  be  allowed. 

4.  Vendors  and  related  equipment  must  be  qualified.  This  is  a  standard 
procedure  at  Boeing  Helicopters  when  any  new  vendor  or  equipment  is 
useq  to  produce  parts.  The  vendor  would  be  surveyed  and  all  produc¬ 
tion  processes  would  be  audited  to  ensure  that  each  conformed  to  the 
applicable  Boeing  Helicopters  specifications. 

5.  Initially  process  small  gears  with  simple  geometries  to  ensure 
process  stability.  Once  the  process  has  been  found  to  be  stable  at  a 
particular  vendor,  more  complex,  critical  gears  would  be  produced. 
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6. 


Conduct  a  metallurgical  evaluation/qualification  of  one  part  of  each 
part  type  that  is  vacuum  carburized.  This  is  a  standard  procedure  at 
Boeing  Helicopters  and  Is  done  when  any  significant  process  change 
has  occurred  or  a  new  vendor  Is  producing  parts. 

An  ongoing  evaluation  of  the  performance  of  vacuum  carburized  gears  would  also 
be  conducted  through  an  examination  of  parts  brought  in  for  routine  overhaul. 
Selected  parts  would  be  traced  and  the  performance  compared  to  that  obtained 
from  conventionally  carburized  parrs  of  the  same  type  with  a  similar  service 
history  and  time. 

All  other  items  associated  with  the  production  of  these  gears,  such  as  heat 
treatment,  machining,  grinding,  surface  treatments,  etc.,  would  remain 
unchanged. 

Boeing  Helicopters  has  a  great  interest  in  furthering  the  devel opment/use  of 
vacuum  carburization,  and  suggests  that  the  implementation  plan  discussed 
above  be  funded.  This  topic  is  discussed  in  the  Recommendations  Section  7. 

5.4  PHASE  IV  -  FURTHER  DEVELOPMENT  OF  THE  VACUUM  CARBURIZATION  PROCEDURE  FOR 
VASCO  X?M 

As  previously  mentioned  in  Sections  II  and  5.4.1  of  this  report,  this  fourth 
phase  was  added  to  the  program  during  the  Phase  1  effort  so  that  optimization 
of  the  vacuum  carburization  procedure  for  the  Vasco  X2M  material  could  be 
continued  in  parallel  with  the  gear  testing  of  the  9310  material.  During  the 
originally  planned  Phase  !  effort,  the  vacuum  carburization  procedure  was 
optimized  for  9310,  but  not  for  X2M.  During  this  Phase,  the  vacuum 
carburization  procedure  for  X2H  was  further  developed,  but  due  to  cost  and 
scheduling  restrictions,  was  not  optimized.  Because  of  this,  the  majority  of 
the  gear  and  geir  element  testing  that  was  conducted  on  9310  (see  paragraphs 
5.2  and  5.3)  was  net  conducted  cn  X2M.  The  following  paragraphs  describe  the 
results  of  the  additional  X2M  vacuum  carburlzat Ion  evaluations. 

Six  tria1  vacuum  carburization  cycles  were  conducted  in  which  the  times  and 
temperatures  were  varied  tc  try  and  develop  a  vacuum  carburization  procedure 
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that  would  yield  an  optimum  case  microstructure.  The  results  of  these  runs, 
which  were  Identified  as  numbers  IV- 1  through  IV-6,  are  discussed  below. 

In  the  first  cycle,  IV--1,  test  slugs  similar  In  configuration  to  those 
utilized  In  Phase  I  were  exposed  to  the  following  cycle  and  then 
metal lurglcal ly  evaluated: 

CYCLE  IV-1 

1.  Heat  to  1,900'F  in  a  vacuum  and  hold  for  35  minutes  to  stabilize 
temperature . 

2.  Cool  to  1,800‘F  and  hold  for  10  minutes. 

3.  Carburize  at  1,800°F  for  15  minutes. 

4.  Diffuse  at  1,800=F  for  60  minutes. 

5.  Gas  quunch,  and  hold  for  10  minutes,  i:50  To rr  at  36  CFH  of  methane 
gas. 

The  case  microstructure  resulting  from  this  cycle  consisted  of  tempered 
martensite  with  a  heavy  carbide  network  located  In  the  grain  boundaries,  which 
was  not  acceptable. 

In  an  attempt  to  reduce  the  amount  of  carbides  In  the  grain  boundaries,  the 
following  eye  Ip  (IV-?)  was  run. 

CYCLE  I V-2 

1.  Heat  to  1.900T  and  hold  for  35  minutes. 

2.  Cool  to  1,650'F  and  hold  for  10  minutes. 

3.  Carburize  at  1,650'F  for  840  minutes,  650  CFM  methane/propane,  175 
Torr. 

4.  Diffuse  at  1,800’F  for  60  minutes. 

5.  Nitrogen  quench. 


The  case  microstructure  of  the  material  from  this  cycle  also  contained  the  car¬ 
bide  network  at  the  grain  boundaries  similar  to  that  resulting  from  Cycle  iv-l. 
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In  the  third  cycle,  IV-3,  the  test  slugs  were  carburized  at  a  higher  temperature 
and  a  shorter  time  than  that  used  in  run  IV-2,  followed  by  several  subcrltical 
anneals,  as  shown. 

CYCLE  V- 3 

1.  Heat  to  1,900’F  and  hold  (o r  35  minutes. 

2.  Cool  to  1,800”F  and  hold  for  10  minutes. 

3.  Carbur'ze  at  1,800’F  for  15  minutes,  360  CFM  methane 'propane,  250 
Torr. 

4.  Diffuse  at  1,800°F  for  60  minutes. 

5.  Gas  quench. 

6.  Anneal  at  1,38G°F  for  120  minutes. 

7.  Cool  to  I,15C;F  and  hold  for  120  minutes. 

8.  Heat  to  1,380'F  and  hold  for  120  minutes. 

9.  Cool  to  1,150’F  and  hold  for  120  minutes. 

10.  Air  cool , 

This  cyc'e  did  not  remove  the  heavy  carbide  network  at  the  grain  boundaries, 
as  seen  1,1  Figure  56  ar,d  57.  To  again  try  and  reduce  the  carbide  network,  the 
carburization  temperature  was  reduced  to  1,700'F,  and  the  carburization  time 
was  increased  to  60  minutes,  resulting  in  cycle  IV-4  shown. 

CYCLE  tV-4 

1.  Heat  to  1,90G’F  and  hold  for  35  minutes. 

2.  Ci.nl  to  l,70O'F  and  hold  for  10  minutes. 

3.  Carburize  at  1,700'F  for  60  minutes. 

A.  Diffuse  at  l.SOO’F  for  15  minutes. 

5.  Gas  quench. 

Evaluation  of  the  case  microstructure  resulting  from  cycle  IV-4  revealed  a 
region  of  martensite  needles  at  the  surface  of  the  test  slugs  with  a  carbide 
network  In  the  grain  boundaries  immediately  below  this  region,  as  seen  in 
figure  58. 
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vacuum  carburttatton  run  IV-3 


ure  57.  Higher  magnification  of  the  microstructure 
shown  in  Figure  56 
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re  58 


Case  microstructure  of  X2M  resulting  from 
vacuum  carburization  run  IV-d 


To  eliminate  the  martensite  needles  and  reduce  or  eliminate  the 
network,  the  diffusion  time  was  altered  and  a  stress  relief  and 
added  to  create  the  desired  case  microstructure.  The  resultant 
was  as  follows: 

1.  Heat  to  1,900°F  and  hold  for  35  minutes. 

2.  Cool  to  1.70CPF  and  hold  for  10  minutes. 

3.  Carburize  at  1,700°F  for  180  minutes,  75  CFH,  175  Torr,  10 
+65  methane. 

а.  Diffuse  at  1,700°F  for  180  minutes. 

5.  Gas  quench. 

б.  Stress  relieve  at  1,150°F  for  90  minutes. 

7.  Heat  to  1,850CF  and  hold  for  30  minutes. 

8.  Oil  quench. 

9.  Freeze  to  -120  and  hold  for  120  minutes. 

10.  Double  temper  at  600  for  120  minutes  each. 


carbide 
temper  was 
cycle  (IV-5) 


propane 


Evaluation  of  the  microstructure  resulting  from  Cycle  IV-5  showed  that  the 
martensite  needles  were  eliminated  and  that  the  heavy  carbide  network  had  been 
reduced  slightly,  as  seen  in  Figure  59. 

The  reduction  in  the  amount  of  carbide  network  resulting  from  cycle  IV-5 
suggested  that  increasing  the  time  and/or  number  of  tempers  could  further 
reduce  or  eliminate  the  carbide  network.  Incorporat ion  of  this  Idea  In  the 
carburlzat ion  procedure  resulted  In  Cycle  IV-6  shown  below. 


1.  Heat  to  1,9C0'F  and  hold  for  30  minutes. 

2.  Cool  to  1,8C0"F  and  hold  for  10  minutes. 

3.  Carburize  at  l.flOO'F  for  60  minutes. 

4.  Diffuse  at  1,800CF  for  15  minutes. 

5.  Gas  quench. 

6.  Stress  relieve  at  1,250=F  for  90  minutes. 

7.  Heat  to  1,850°F  and  hold  for  95  minutes. 

6.  Oil  quench. 

9.  Freeze  to  -120°F  and  hold  for  180  minutes. 

10.  Double  temper  at  600CF  for  120  minutes  each. 


124 


Figure  59  Case  microstructure  of  X2M  resulting  from 
vacuum  carburization  run  IV-5. 


11.  Reheat  to  1,850°F  and  hold  for  45  minutes. 

12.  011  quench. 

13.  Freeze  to  -120°F  and  hold  for  180  minutes. 

14.  Double  temper  at  6Q0°F  for  120  minutes  each. 

15.  Reheat  to  1,850°F  and  hold  for  45  minutes. 

16.  011  quench. 

17.  Freeze  to  -120”F  and  hold  for  180  minutes. 

18.  Double  temper  at  600°F  for  120  minutes  each. 

The  case  microstructure  resulting  from  Cycle  IV-6  Is  seen  in  Figure  60.  The 
amount  of  carbide  network  In  the  grain  boundaries  was  reduced  compared  to  that 
found  previously  In  the  case  of  the  Cycle  I V- 5  material.  A  hardness  profile 
taken  on  the  test  slug  at  the  flank,  root,  and  root  fillet  showed  that  an 
acceptaole  hardness  was  obtained  at  the  surface  of  the  part  and  that  the 
hardness  was  uniform  In  these  three  areas  at  various  depths. 

Using  Cycle  IV-6,  single  tooth  bending  fatigue  test  gears  were  produced  and 
evaluated.  The  results  of  tMs  testing  are  shown  In  Figure  61.  Comparison  of 
this  data  with  that  of  X2M  with  heavy  carbide  from  Phase  I  shown  In  Figure  41 
Indicates  that  the  improved  procedure  Increased  the  bending  fatigue  capacity 
of  the  material  slightly.  However,  the  Increase  was  not  great  enough  so  that 
It  was  equal  to  that  of  baseline  material.  This  data  Indicated  that  further 
development  of  the  vacuum  carburization  procedure  for  X2M  was  necessary  to 
optimize  properties.  However,  cost  and  scheduling  restrictions  caused  this 
effort  to  be  discontinued  at  th's  point. 


126 


12? 


IS>  'S53«»S  DN-0%38  l/'jrWXViAj 


128 


6.  SUMMARY  AND  CONCLUSION 


6.1  AISI  9310  MATERIAL 

1.  A  vacuum  carburization  procedure  was  successfully  developed  and  optimized 
for  the  AISI  9310  alloy.  This  was  accomplished  on  test  coupons  right  on 
through  to  a  production  component.  The  time  required  to  carburize  this 
material  was  decreased  approximately  60  percent.  The  resultant  case 
microstructure  was  comparable  to  that  of  conventionally  carburized 
material . 

2.  The  single  tooth  bending  fatigue  life  and  scoring  resistance  of  the 
vacuum  carburized  9310  material  was  equivalent  to  that  of  conventionally 
carburized  931C  material.  The  B90  rolling  contact  fatigue  life  of  the 
vacuum  carburized  9310  material  obtained  from  gear  roller  tests  was  also 
equiva’e.nt  to  that  of  conventionally  carburized  9310.  The  B50  and  B10 
rolling  contact  fatigue  lives  of  the  vacuum  carburized  9310  material  was 
slightly  less  than  that  of  conventionally  carburized  9310. 

3.  The  surface  durability  of  the  vacuum  carburized  9310  material  was 
evaluated  through  spiral  bevel  and  spur  gear  testing,  and  was  found  to  be 
equivalent  to  that  of  conventionally  carburized  material. 

d.  A  production  spiral  bevel  Input  pinion  gear  for  a  Boeing  Helicopters 
CH-47C  Combining  Transmission  was  vacuum  carburized  and  heat  treated 
accc-dlng  to  the  processing  conditions  developed  In  this  program,  and 
then  tested  in  an  actual  transmission.  Post  test  evaluations  of  the  test 
data  and  the  gear  showed  that  It  performed  as  well  as  a  conventionally 
carburized  gear.  These  results  indicate  that  use  of  the  vacuum 
carburization  process  developed  in  this  program  for  9310  can  produce 
gears  in  a  shorter  period  of  time  compared  to  conventional  carburization 
and  that  acceptable  properties  can  be  obtained  from  such  a  gear. 

5.  A  plan  was  developed  which  will  allow  the  vacuum  carburization  process 
to  be  implemented  into  the  helicopter  transmission  gear  production 
process.  129 


6.2  VASCO  X2M  MATERIAL 


1.  A  nonoptfmlzed  vacuum  carburization  procedure  was  developed  for  the  Vasco 
X2M  alloy.  The  case  microstructure  resulting  from  this  nonoptlmlzed 
procedure  contained  a  uniform,  continuous  carbide  network  which  had 
deleterious  effects  on  the  alloys  properties.  However,  this  uniform  case 
microstructure  was  obtained  without  the  preoxidation  procedure  which  Is 
required  to  obtain  a  uniform  case  microstructure  in  conventional 
carburization.  Further  efforts  are  required  to  optimize  this  process  so 
that  acceptable  mechanical  properties  may  be  obtained. 

2.  The  single  tooth  bending  life  of  the  vacuum  carburized  X2M  material  was 
less  than  that  of  conventionally  carburized  X2M.  This  lower  fatigue  life 
was  attributed  to  the  unacceptable  carbide  network  in  the  carburized 
case. 

3.  Further  work  is  required  to  continue  the  development  of  an  optimized 
vacuum  carburization  procedure  for  X2M. 

General  Comment 

The  results  of  the  Phase  I  Vasco  X2M  gear  element  testing  Illustrate  the  need 
to  fully  evaluate  all  of  the  mechanical  properties  of  a  new  alloy  and/or 
process  being  considered  for  use  In  a  gearing  application.  In  this  program,  a 
thorough  examination  of  all  properties,  l.e.,  single  tooth  bending  fatigue 
life,  scoring  resistance,  as  well  as  geared  roller  testing,  was  conducted  and 
revealed  that  the  vacuum  carburization  process  as  developed  for  X2M  yielded 
poor  single  tooth  bending  fatigue  properties  while  at  the  same  time  yielding 
good  geared  roller  properties.  If  only  geared  roller  tests  had  been  conducted 
and  the  decision  to  use  the  currently  developed  vacuum  carburl zatlon  process 
for  X2M  in  production  had  been  based  solely  on  these  results,  serious  problems 
with  transmissions  would  have  occurred. 

To  avoid  the  possibility  of  a  material  or  process  being  used  In  critical 
components  without  first  undergoing  thorough  testing,  It  Is  suggested  that  a 
specification  be  developed  In  which  a  minimum  amount  of  testing  be  required. 
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These  specified  tests  would  ensure  that  all  pertinent  properties  of  the  new 
alloy  and/or  process  are  fully  understood  and  that  all  loading  conditions 
normally  encountered  by  the  component  be  evaluated. 
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7.  RECOMMENDATIONS 


It  Is  recommended  that  a  follow  on  program  to  optimize  the  vacuum  carburiza¬ 
tion  procedure  for  the  Vasco  X2M  alloy  be  funded.  This  alloy  Is  currently  used 
in  large  quantities  by  Boeing  Helicopters  as  well  as  othe'  companies.  The 
reduction  in  carburization  and  heat  treatment  time  would  significantly  reduce 
acquisition  costs  of  any  products  incorporating  this  alloy.  The  knowledge 
gained  from  this  program  on  vacuum  carburization  indicates  that  the  procedure 
can  be  optimized  and  implemented  into  products. 
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9.  GLOSSARY 


R/C  Rockwell  Hardness,  C  Scale 

LCD  Effective  Case  Oepth 

AGMA  Aerospace  Gear  Manuf acturers  Association 

GFh  Cubic  Feet  per  Hour  (gas  flow) 

Torr  A  unit  of  pressure  equal  to  1.316  xlO3  atmospheres 
HPSTC  Highest  Point  of  Single  Tooth  Contact 


134 


10. 


APPENDICES 


135 
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APPENDIX  D  CARPENTER  TECHNOLOGY  TEST 
CERTIFICATE  FOR  9310  MATERIAL 


©iSIuiFUffirilSIFliiirS 

CARPENTER  TECHNOLOGY  CORPORATION 

P.O.  BOX  862  *  READING,  PA.  19803 


OATt 


6  /  13  /8J 

8CE1NG  VERT  CL  COMPANY 
0 IV  BOEING  COMPANY 
p  0  BCX  lo658 
PHILADELPHIA  PA  19142 


NOTEt 

mt  VAUJC  ANO  OTMtt  tlOMCM  OATA  SHOW* 

ttfvsaii  rm  nun  op  amaiyks  ano  mn  mam 

ON  SAMPLES  COUKTCD  MOM  IHC  TOTAL  LOT, 
OMGIHAL  DATA  KCOtDf  CAN  ML  T1A CHJ  IT 
“WNa  TO  THI  CA».  QM  NO. 


1  AT  #14223 


(  I  IS  I  I)M|  W  OVOtH  NUMl'U' 


PWODUC  T  OfM  loPItON 


l  ARi  fMtH  ORDfO  NUMBIH 


da  i  y  sMimo 


M6J3t>4 


!  6/7/83 


PHL 

545# 


VACUKET  CONS  9310  HP  AML  &  RI 


Slit  « .5 000 
HEAT  NO.-  87885 

o.io 

Nl 
3.27 


IN. 


SPICKICAI'ON 


3 


8MS  7-2498  17/14/78)  IYPE  3  t,  VAP  8054 


AD 


MN 

0.58 

MG 

0.14 


o.l4 

cu 

0.04 


INGOT  *2 


P 

0.005 


o.oci 


CK 

1.32 


check  chemistry 


c 

.  194 

MN 

.49 

SI 

.25 

P 

.004 

5 

.001 

CR 

1.33 

NI 

3.30 

MO 

.15 

CU 

.04 

MAG  PARTICLE:  FREQUENCY  -  0  /  SEVERITY  -  0 
vIQMINY  test 

NORMALIZE  TEMP  1700°F,  QUENCH  I500°F 
<738  =  I 
J3S  =  8 

EHNS  GRAIN  SIZE  -  5/6 

MACROETCH:  TESTED  TO  ASTM-A-604; 

MAXIMUM  VALUES  ARE  1A,2A,3A  C  4A 

ULTRASONIC  INSPECTION  -  SATISFACTORY  PER  CARPENTER  PROCEDURE  S-UT-I-325. 

R2  C4/14/80) 

JERNKONTORET  INCLUSION  RATINGS 
METHOD  0  -  ATTACHED 


0-1 


CAP/XN  3 


ram  to  H  im  imp  comet  a  eowiwma  w  thi 


U4ofii! <j  /'/  s'Sajufr?’7 


CAlfENtEt  TECHN 


CODV 


#  forjtd&m 

hamS^mM 

UHKl 

0EMT1TT 


INCLUSION  TYPE 


1J6TNIN  jjJHlCH 


NO.  FIELDS  OYER  .0075"  LONG 


INCLUSION  TYPE 


WORST 


— Mflfiffl— I 


ifliHSHaaa 


THICKNESS 


NO.  FIELDS  0»ER  007 


INCLUSION  TYPE 


nimnBBKimiS 

in^SESiiKQis 


IwriMWimin 


wran 

BUI 


TEST  PIECES 


:t«W 


Best  Available  Copy 


I 


rVbH 

It 


ft 


NOTH 


i~i  hjfui±d:.i  spsTJCnr 


V  2.  MAXIMUM  SURFACE  ROUGHNESS  i2§/eXCF.PT  AS  NOT^D. 
t)'  3.  BREAK  ALL  SHARP  EDGES  NOT  SPECIFIED  TO  A  RADIUS 
i  OR  CHAMFER  OF  .010  TO  .020.  VISUAL  INSPECTION  OF 
1.  THIS  DIMENSION  IS  SATISFACTORY. 

(~4~>NITAL  ETCH  INSPECTION  PER  SAC  5436. 

[T>  FLUORESCENT  MAGNETIC  PARTICLE  INSPECTION  PER 
BAC  5424  CLASS  A. 


'  r5~> MATERIAL: 9 310  STEEL  PER  BMS  1*249  TYPE  II. 

HQ.  MATERIAL SCR- 1.4  MO  1.35 W  STEEL  PER  BMS  7-223 
TYPE  H. 

[T>HEAT  TREATMENT 

A.  VACUUM  CARBURIZE  ALL  OVER. 

B.  CARBURIZED  CASE  HARDNESS  ROCKWELL  C  G0-G4. 

C.  EFFECTIVE  CASE  DEPTH  AT  ROCKWELL  C  SO  AFTER 
GRINDING  .0GS-.085. 

D.  CORE  HARDNESS  ROCKWELL  C  3G-44. 

E.  DRAW  AT  550*F  *25*F  FOR  FOUR  HOURS  AFTER 
FINAL  GRIND. 


5K2089S 


Qr>  HE  AT  TREATMENT 

A.  VACUUM  CARBURIZE  AilL  OVER. 

B.  CARBURIZED  CASE  HARDNESS  ROCKWELL  C  G0-&4. 

C.  EFFECTIVE  CASE  DEPTH  AT  ROCKWELL  C  SO  AFTER 
GRINDING  .0G5-.08S. 

D.  CORE  HARDNESS  ROCKWELL  C  32-42. 

E.  DRAW  AT  300*F  ±2S*F  FOR  FOUR  HOURS  AFTER 
FINAL  GRIND. 

Q0> FIFTEEN  (IS)  TEST  ROLLERS  OF  EACH  DASH  NUMBER 
ARE  TO  BE  VACUUM  CARBURIZED  AND  HARDENED  BY 
EACH  VENDOR. 

VENDOR  "A” -SUMMIT  GEAR  CO.,  PLYMOUTH,  MINN. 
VENDOR  *B"-C.I.  HAYES  CO..  CRANSTON,  R.I. 
QDHEAT  TREAT  VENDORS  ARE  TO  ADD  APPROPRIATE 
IDENTIFYING  LETTER  "A"  OR  "B"  TO  PART. 
fTT>  MACHINING  VENDOR  TO  MARK  PART  DASH  NUMBER 
ONLY  (-1,-2, -3  OR -4). 
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TEST  ROLLER 
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■ 
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TEST  ROLLER 
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■ 

SK20895-2 

TEST  ROLLER 

fT>  FROM  MILL  HEAT  B 
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TEST  ROLLER, 

VACUUM  CARBURIZATION 
PROGRAM 


mil 

EuiLl 


SK2.0895 


\*  i  <»  r 


Best  Available  Copy 


APPENDIX  F  CROWNED  TEST  ROLLER  FOR  GEARED  ROLLER 
TEST.  DRAWING  NUMBER  SK29652 
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— -.s: 
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r~vTT  M  A  HE  T  R  0 1  CATS'- 
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f~5^>  This  surface  ~  n  *_• 
E?  EOT, CAT  on 
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ARC  l_ENC*  H. 
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\  \  r  v 


/TTS. 
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,  I  \ 


-mark.  PAR'  NO.  here 


I 


APPENDIX  F  CROWNED  TEST  ROLLER  FOR  GEARED  ROLLER 
TEST,  DRAWING  NUMBER  SK29652 


S  OOH  1-00€> face.) 


.SOOfrEF') 


2.  MAXIMUM  SURF  ACE  R0( 

3.  BREAK  ALL  SHARP  EDO) 

.  RADIUS  OR  CHAMFER  0 
!  INSPECTION  OF  THIS  D1 

[T>NITAL  ETCH  INSPECTI  Ob 
rT>  FLUORESCENT  MAGNET 

-  BAC  S424  CLASS  A. 

|~S~>MAKE  FROM  CATERER 
1.  THIS  INFORMATION  FOR 

MATERIAL-  SAE  8&2; 
CARBURIZED  CASE  HP 
CASE  DEPTH  -.08T- . 
□£>  THIS  SURFACE  FINISH  S' 
SPECIFICATION  OF  .000 
THE  TRUE  CROWN  RADlv 
AND  .0002  MAX.  HEIGHT 
ARC  LENGTH. 

9.  MAKE  FROM  PARTS  (lY 
VERTOL  MATERIAL  ENG 


fe.OOOR 


I/M  80  *0008 
DIAOjEF) 


MARK  PART  NO.  HERE 


SK29G52.-I  ROLL 


DlMENbOMMC  A  TOLEAAMClNG 

nxwjirm _ 

UNllSSOlHfcHWiSL  SPECIE  ItO 

nwtNvoNS  a«c  m  menu 

rOUMNCIV  ANGLES  *1 
DECIMALS  XX*.  02. 

OCCMALS  XXXt.OlO 
A*VCT  A  KXrCOCE  MARGIN  *  « 
•ENDAAOR  x  (I  ON  .03  A  M 
*  03  0m  ot  a  greater 
SMECT  METAL  CORNER  lUOA 

OtMfNSlONS  ANO  SURFACE 
TEXTURE  Of  SAJNAIlONS  APPLY 
BEFORE  PLAT  IMG  OR  FINISH 
COATINGS 


Best  Available  Copy 


Z.  M*X\MUM  SURFACE  ROUGHNESS  X^/ EXCEPT  AS  NOiED. 

5.  BREAK  ALL  SHRRP  EDGES  NOT  SPECIFIED  TO  A 
1  RADIUS  OR  CHAMFER  OF  .010  TO  .020.  VISUAL 
(  INSPECTION  OF  THIS  DIMENSION  IS  SATISFACTORY. 

’  R~>NlTAL  ETCH  INSPECTION  PER  SAC  545G. 

rs~>  FLUORESCENT  MAGNETIC  PARTICLE  INSPECTION  PER 
BAC  5424  CLASS  A. 

p£~>  MAKE  FROM  CATERPILLAR  TRACTOR  CO.  PART  NO.  IY444. 

7.  THIS  INFORMATION  FOR  REFERENCE  ONLY: 

MATERIAL- SAE  8622H  VACUUM  MELT  STEEL. 

CARBURIZED  CASE  HARDNESS  -  ROCKWELL  CGO-G4. 

CASE  DEPTH -.OST-. 102. 

P8~>  THIS  SURFACE  FINISH  SHALL  ALSO  INCLUDE  A  WAVINESS 
SPECIFICATION  OF  .0001  MAX.  HEIGHT  DEVIATION  FROM 
THE  TRUE  CROWN  RADIUS  IN  A  MIN.  .125  INCH  ARC  LENGTH 
AND  .0002  MAX.  HEIGHT  DEVIATION  IN  A  MIN.  .500  INCH 
ARC  LENGTH. 

9.  MAKE  FROM  PARTS  (1X444")  TO  BE  SUPPLIED  BY  BOEING 
VERTOL  MATERIAL  ENGINEERING  (ISS  PIECES'). 


SK29G52-1  ROLLER -CROWNED)  CEX-iDGD 
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VACUUM  CARBURIZATION 
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APPENDIX  G  SINGLE  TOOTH  BENDING  FATIGUE  TEST  GEAR, 
•  DRAWING  NUMBER  SK29572 


Best  Available  Copy 


Best  Available  Copy 


APPENDIX  H  SCORING  FATIGUE  TEST  GEAR  DRAWING 
NUMBER  SK29571 


APPENDIX  L  ENGINEERING  DRAWINGS  OF  SPIRAL 
BEVEL  TESTGEAR 
(CONTINUED) 
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APPENOIX  I  TELEDYNE  VASCO  ANALYSIS  REPORT  OF  X2M 
MATERIAL 

^TELEDYNE  VASCO 

unn  WMnwM  mm 


Cuffoirwr 


ANALYSIS  REPORT 


Boeinc  Yertol 
P.  0.  Sox  IS 838 
Philadelphia.  Pa.  191*2 


Stolen  Machine  CafH7 
**93  Peoplaa  Id.  /'-n 
Plttebur*h,  Pa.  13237  |  - 


Your  Order  No.  8-*A  15-5-OOSO 
Our  Order  No.  7  297903 

Br,nA  VB9-VAR  9mc*  Z2  Modified  Par  Boalaf  Spec  BUS  7-225C  Type  III  Oltreeoolc  Iaap, 

SIZE  PIECES  MnOKT  HEAT  No  DATE  SHIPPED 


8-l/*”rd.  a  48"la.  1  7UI  58*2-*  3-24-82 

Macro  Structure  -  Setleficcarp  to  AfTM  1-40*  laoal  da cal lad  la 
Boa  Inf  Spac  SM  7-22  X 

Grain  Slaa  T  •  3-1/2 

S  •  « 

Mama  tic  Particle  laapactlos  -  I  -  P/I  0/0 

8  -  P/S  0/0 
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A  *  C  D 

thin  la  err  Ibis  Baery  Thin  Hear?  Thla  Haar y 

T  1/2  0  00  00  10 

S  0  0  0  0  0  0  1-1/2  0 

Ultraeonlc  laapactlon  prior  to  turnlni  to  the  ehlpped  ala*  -  Setlefaecory 
to  Oil  Proeadun  Bo.  .00.03.230  tar  II  aa  aetabUehad  batmen  Boalm/Vertol 
Orbit  laduatrlaa  and  Teladyna  Paaco. 

Orbit  Oertl/lcate  01-37*8  la  attached. 
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W  Cr  V  Mo  Co  Ni 

1.4  7  4.83  .  40  1.37 
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APPENDIX  J  STATISTICAL  ANALYSIS  METHOD  FOR  SINGLE 
TOOTH  BENDING  FATIGUE  DATA 


The  date  from  Che  single  tooth  bending  faclgue  test  program  was  analyzed 
statistically  using  the  same  Boeing  Vertol  computer  program  used  for  the 
earlier  test  programs.  Since  comparisons  between  the  results  obtained  from 
the  earlier  programs  and  those  obtained  from  this  program  have  been  made, 

It  is  essential  that  the  analysis  techniques  be  consistent. 


The  statistical  analysis  was  based  on  the  theory  that  for  a  particular  material 
there  la  a  definite  bending  (tensile)  stress  which  the  material  will  be  able  to 
withstand  for  an  infinite  number  of  cycles,  without  the  occurrence  of  a  failure. 
In  ocher  words,  as  long  as  the  stress  In  a  component  is  maintained  at  a  level 
equal  to  or  lower  than  the  endurance  limit,  a  failure  will  never  occur.  This 
is  a  reasonable  approach  sine,  at  this  time,  all  Boeing  Vercol  transmission  gears 
are  designed  ior  "Infinite"  life  (i.e.  at  overhaul  they  are  only  removed  from 
service  If  a  defect  Is  found).  On  the  basis  of  this  theory.  It  was  assumed  that 
the  mean  stress/life  (S-S)  curve  takes  the  general  form: 


where:  S  ■  stress  at  failure 

S  ■  endurance  limit  stress 
a  «  material  conrtant 

Y  •  test  gear  specimen  conf lgurai 1 -n  constant  (shape  factor) 
N  *  cycles  at  which  failure  occurs 
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After  an  empirical  evaluation  of  Che  material  constants,  the  stress  at  any 
number  of  cycles  can  be  evaluated,  using  Equation  (5),  by  calculating  the  X 
value  based  on  an  Individual  data  point.  In  order  to  determine  the  mean  (S) 
stress  for  Che  entire  group  of  data  at  a  particular  number  of  cycles  (after 
Che  individual  X  value  for  each  data  point  Is  calculated  at  these  cycles), 
the  individual  X  values  are  then  su'iied  up  and  divided  by  the  number  of  data 
points  (using  Equation  6). 


where:  S  *  mean  stress  for  total  group  of  specimens  at  cycles 

X  •  stress  at  cycles  based  on  a  particular  data  point 
Xj.  •  stress  at  failure  for  a  particular  data  oolnt 
Np  •  cycles  at  failure  for  a  particular  data  point 
n  -  number  of  test  data  points 
Ng  ■  cycles  at  which  data  is  to  be  evaluated 
y  -  test  specimen  shape  constant 
a/S  •  test  specimen  material  constant 

The  only  unknowns  are  the  test  specimen  shape  and  material  constants.  These 
factors  have  been  evaluated  and  defined  In  the  prior  programs  and  those  values, 

as  shown  In  Table  1,  will  be  used  in  this  analysis. 
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APPENDIX  M  FORMULA  FOR  DETERMINING  EFFECTIVE  CASE 
DEPTH  (R/C  50}  ON  X2M  CARBURIZING  STEEL 


FCkvJi.A  FOR  DETERMINING  EFFECTIVE  CASE  DEPTH 
IR  50)  ON  >•?  CARBURIZING  steel 


STANLEY  £.  CASPER 
CORPORATE  METALLURGIST 
C.  HATES  INC. 
9/23/8? 
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FORMULA  FQR  DETERMINING  FEC~IVE  CASE  DEPTH 
(Rc60)  ON  X-2  CARBURIZING  STTEL 


INTRODUCTION 


'he  ca'-bur watior.  o'  hi -chrome  materials  requires  one  tc  address 
the  problem  of  the  tenacious  oxide  which  serves  to  block  carbon 
diffusion. 


Vacuum  carfcuritati'or  allows  one  tc  reduce  the  oxide  at  a  relatively 
high  temperature  before  cooling  to  a  suitable  carburization  temperature. 
The  choice  of  the  latter  is  dependent  on  the  complexity  of  the  part 
(case  uniformity)  and  the  atility  to  break  up  the  cartides.  Generally, 
the  hioher  temperature  one  carburizes  hi-chrome  alloys,  the  more 
difficult  it  is  to  dissolve  the  carbides. 


After  ca rbur i za ti on  it  is  desirable  to  diffuse  at  a  temperature  at 
least  50°  F.  hiqher  in  order  to  accelerate  carbide  solution. 

The  possibility  of  interrupting  the  process  to  do  some  intermediate 
machining  always  remains,  therefore,  allowances  must  be  made  for  the 
"diffusion"  that  occurs  during  the  final  hardening  process. 

All  of  these  factors  constitute  a  multi-phase  carburize  and  diffusion 
technique. 

PHASE  1  Carburize 

(And  diffuse  if  same  temp.) 

PHASE  2  Diffuse  should  temperature  change 


PHASE  3 


Diffuse  and  harder,  seouence  usually 
followed  by  a  re-heat 


TWO  PHASE  PROCESS 


k  VT 


(See  glossary  on  page  M- 1 1 
for  definition  of  symbols.) 

Phase  1 


kj  if  *  c  ♦  t3  Phase  2 


•  * 


rASc  PROCESS 

k  Vt  Phase  1 


Phase  2 


Phase  3 


c 


l5 


] 
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SUBSTANTIATION: 

AsSire  or  X-2 

The  effusion  constant  "k"  is  95'  cf  9310  (data  for  93 TO  previously  submitted 


TEMP. 

9310 

X-2 

If  5C°  F. 

k».0)6 

1  -  ■  0 1 5 

1 70C°  F. 

k* .  020 

k* .019 

or 

o 

o 

T) 

k= ,C24 

k- ,C?3 

;sooc  F. 

k  = . 0  30 

k= . 0285 

i8600  F. 

k= .035 

k  -  .  033 

1900°  F. 

k=  .  040 

k  =  .  0  38 

1950°  F. 

k-  . 045 

k=.C43 

TES~  PL'N  ON  9/20/82 : 

Carturi2e  at  1800°  F.  for  150  minutes 
Diffuse  at  1800°  F.  for  315  minutes 

TOTAL. . . .465  minutes 

Phase  1 

d  -  k  YT~  •  .0285  l T  465  ■=  .0793" 

V— 85 

The  parts  were  gas  quenched  and  annealed  to  simulate  intermediate  machining. 
They  were  then  reheated  to  1850°  F.  for  30  minutes  and  oil  quenched. 

rhase  2 

t,  =  /  d  Y  =  I  0793  ^  =  5.775  hrs. 

IT  J _ 

d.,  -  k0  yt2  *  c  *  t3  *  033  "y/ 5. 775  ■*  .17  +  5 

d?  -  .084" 


Actual 


-086 


.090 


5 


TEST  Pl’N  ON  8/3C/B2 


Carburize  at  1800°  F.  for....  150  mirutes 

Diffuse  at  1500°  F.  for . .  255  iri rotes 

T0TAL .  405  minutes 


Phase  1 


The  parts  were  cas  quenched  and  ar.nealed  to  simulate  intermediate 
machining.  They  were  then  reheated  to  1550°  for  3C  minutes  and 
oil  quenched. 


Phase  7 


<>2  *  k  -y/  t?  +  c  +  t3  =  .035  y  5.03  ♦  .17  ♦  .5 

d2  *  .079" 

Actual  .075"  -  .080" 
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TEST  RJN  ON  6/2C.'32 


Ca^bu-ize  at  ]76C  F.  for . 9P  rinuies 

Diffuse  at  1 7 50c  F.  for . . . 5  ri notes 

TOTAL . 95  minutes 


Phase  ] 


The  parts  were  cas  quenched  ar.d  ar.r.ealed  for  simulation  pjrpcses.  'hey 
were  -eheated  to  1850°  F.  for  30  minutes  tr.d  oil  quenched. 


°hase  2 


d2  =  .040 


Actual  parts  revealed  .04°".  Since  this  error  was  q^eater  than  ;0T  a  check 
was  made  on  furnace  temperature  !t  was  discovered  that  a  teT-erature  e-ror 
of  30°  F.  e»i'*ed,  w hereby  the  parts  actually  saw  i 7 60 '  F.  and  1880°  F.  , 
respect i vely . 


A  recalculation  substituting 
k  as  .036 
k?  as  .036 

d?  =  .045" 
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Carburize  at  1750°  F.  for 
Diffuse  at  1750°  F.  for.. 

TOTAL 


.  90  minutes 
.  .4  minutes 
79T  minutes 


Phase  1 

d  =  k  YT  *  .023  ifliT  -  .029" 

l~ 5tf 

The  parts  were  gas  quenched  and  annealed,  They  were  -cheated  to  18S0°  F. 
for  20  minutes  and  oil  Quenched. 


Phase  2 


Actual  .038" 


TEST  PL'S  ON  6/1S/82 


SAME  CYCLE  AS  ABOVE 


M-e 


Actual  . 040" 


e. 


Carburize  at  1650°  F.  for  30  minutes 


Phase  I 

d  -  kVT  .  .015  VT  -  .0106" 

Parts  were  heated  tc  1850°  F.  and  soaked  40  r.i r.jtes  (this  was  not  a 
reheat,  no  constant  applied). 


Phase  2 


The  parts  were  pas  auenched,  reheated  to  1850"  c.  for  40  rr-nutes  and 
oil  quenched. 


"Actual  .036" 


"NOTE:  This  is  not  within  the  *  jOi.  inoossible  to  determine  if  furnace 
problem  existed  because  of  date  of  test.  Sample  examination 
indicated  a  lean  case  indicating  some  problem  (most  likely 
temperature)  as  in  8/20/82  test. 

This  will  be  rechecked  when  time  allows. 
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».  HAVI  V  I*V' 


TEST  RON  ON  6/22/79 


9. 


Carburize  at  16S0°  F.  for  17  minutes 


Phase  3 


d  *  k  yr~  *  .015  y?P3-  =  .008" 


Parts  were  heated  to  1950°  F.  for  40  minutes, 
therefore  no  constant  was  used). 


(No  reheat  utilized, 


Phase  ? 


d2  '  k2  l/t_2  +  t3  *  0C2  y~035  +  .67“'  *  .036 

Actual  .040" 

TEST  F_»;  ON  5/ 30/ 79 
Same  as  6/22/79 
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GLOSSARY  or  symbols 


<1  -  Initial  effective  case  depth  in  thousandths  of  an  inch 

formed  in  first  carburize  and/or  diffuse  at  any  single 
tenperature 

k  -  Diffusion  constant  for  temperature  used  in  PhASE  1 

t  -  Time  in  hours  for  the  first  carburize  and/or  diffusion 

at  any  single  temperature 

tj  -  Time  in  hours  reooired  to  create  '  d'  at  re*  PhASE  2 

diffusion  temperature 

kj  -  Diffusion  constant  for  temperature  used  in  PrAfE  2 

il  -  Effective  case  depth  in  thousandths  of  an  inch  formed 

after  diffusion  in  PHASE  2 

t3  -  Time  of  diffusion  in  hours  in  PHASE  2 

C  -  Reheat  constant  in  hours,  i.e.,  one  inch  cress  section 

heated  to  1800°  E.  -  1550°  F.  is  .17 

t4  -  Time  in  hours  required  to  create  dj  at  a  ne»  P.rASE  3  temperature 

kj  -  Diffusior  constant  for  temperature  used  in  PriSC  3 

d3  -  Effective  case  depth  in  thousandths  of  an  inch  formed  after 

diffusion  in  PHASE  3 

tj  -  Tine  of  diffusion  in  hours  in  PHASE  3 
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APPENDIX  N  HAYES  VACUUM  CARBURIZING  EVALUATIONS 
FOR  9310 


*'  Roy  Cunningham 
September  22.  1982 
Cage  5 


AIS1  9310  HARDNESS  SURVEY 


.  002 . Rc66.5 


-010 . R  63. 5 


.020 . R  63.5 

c 


.R  62.5 
c 


.040 . Rc63.5 

.150 . R  £3.5 

.060 . Rc62.5 


.085 . Rc50.5 


As  before  Roy,  1  would  appreciate  your  carbor  data  tc  cc-relate  with 
our  Leco. 

Thank  you. 


Very  truly  yours , 

C.  I.  HAYES  INC. 

Stanley  E.  Casper 
Corporate  Metallurgist 


SECresc 


Mr.  Roy  Cunningham 
September  22,  1982 
Page  4 


On  August  26,  1982,  a  test  run  was  made  on  AISI  9310  to 
confirm  the  charts  already  submitted  to  Boeing. 

The  object  of  this  test  was  to  produce  085"  effective  case  depth. 

The  cycle  was : 

Heat  to  1900°  F. 

Soak  at  1900°  F.  30  minutes 

Carb  at  1900°  F.  60  minutes 

Ch^  -  25C  Torr  7i!Cr/'rr. 

Diff.  at  1900°  F.  210  minutes 

Gas  Quench 

Reheat  to  1550°  F. 

Soak  at  1550°  F.  40  minutes 

Oil  quench 


N-2 


Freeze  at  -120°  F. 


120  minutes 


MAW  A  SPACER 


APPENDIX  O  GEARED  ROLLER  TEST  MACHINE  DRAWINGS 
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0-1 


Best  Available  Copy 


REDUCED  SIZE  PRINT 
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APPENDIX  P 

GEARED  ROLLER  RAW  TEST  DATA  FOR 
AISI  9310 


Heat 

Treat 

Sp#<im#n 

1.0. 

Start 

Date 

OH 

Tamp 

Roll 

nm 

load 

(it») 

Hi 

Hr*  to 
Failurf 

Cvdtito 
♦  aiiure 

Comment! 

14 

1/26/83 

200*  ^ 

1,000 

2.605 

■ESI 

14  3 

858,000 

Summit 

12 

1/27/83 

200*F 

920 

2.6CS 

■ng 

63  8 

3,521.760 

n«at treat 

10 

1/27/83 

200*F 

1.000 

2.605 

»| 

30  7 

1.842.000 

at  ’  ,9G0*F 

»S 

1/27/81 

200*F 

920 

2.605 

29  i 

1.606.320 

1 3 

2/6/83 

200*f 

920 

2,605 

17  3 

954.960 

.  _  . 

TEST  STOPPED 

15 

1/25/83 

200'* 

2.605 

HR9 

2i  i 

726.000 

Haye» 

9 

1/25/83 

200*f 

§kQ 

2.605 

ii&sa 

125 

690.000 

heat  treat 

3 

1/2S/83 

20C‘F 

IhQ 

2  605 

3  3 

4— 

O''  Jft  OOQ  • 

at  '  ,900’c 

12 

2'683 

200*  f 

1.000 

2.605 

26  0 

’.680.000 

inwa»o  cute 

1 3 

2/6/03 

KO’f 

920 

2.605 

■si 

19  1 

1,054.320 

TEST  STOPPED 

mmm 

1/20/83 

209'F 

920 

2  605 

450 

16  2 

894.240 

Summ.t 

mmm 

1/20/83 

200*F 

1.000 

2.605 

450 

16  9 

1.014.000 

♦'eat  treat 

1/2V83 

200*F 

920 

2.605 

450 

17  i 

943.920 

at  '  900*F 

1/21/83 

200*  f 

1.000 

2.605 

450 

18  3 

i  C98.000 

H| 

1/2V83 

200** 

920 

2.605 

23  4 

1  291  680 

Crackfd 

6 

t/24/83 

2  00** 

920 

2,605 

K8I 

5  1 

•  ♦— 

slave  roi 

7 

1/24/83 

200*f 

920 

2605 

HI 

12  9 

712  080 

■  nva''d  data 

TEST  STOPPED 

1/24/83 

200** 

l.CCC 

2.605 

4SC 

■EH 

726.0CC 

Hayei 

12 

1/26/83 

200*F 

920 

2.605 

450 

1.217.160 

♦'eat  treat 

14 

1/26/83 

200*F 

920 

2.605 

450 

■eb 

358.800 

at  •  900*F 

1/31/83 

200*f 

920 

2.605 

450 

98 

540.960 

■a 

1/3V83 

20C** 

920 

2.605 

450 

175 

966.000 

m 

2/2/83 

200*F 

920 

2.605 

450 

22  8 

1  258.560 

TEST  STOPPED 

9/22/83 

200*F 

920 

2.605 

450 

18  9 

1.043.780 

S  jfT'mit 

9/26/83 

200*F 

920 

2.605 

450 

14  2 

783  840 

Heat  tr#«i 

9/27/83 

200*F 

920 

2.605 

450 

29  0 

1.600,800 

at  '  800’P 

’  Hb 

9/30/83 

200*F 

920 

2,605 

450 

22  9 

1.264,080 

El 

10/3/83 

200*F 

920 

2.605 

450 

29  4 

1  622.880 

10/S/83 

200*F 

920 

2.605 

450 

11  4 

629.280 

10/7/83 

200*F 

920 

2.605 

450 

22  8 

1.258.560 

8 

'0/'  V83 

200*F 

920 

2.605 

450 

47  6 

2.627.S20 

flo“ef 

9 

10/ -4/83 

20C*F 

920 

2.605 

450 

606 

3  345.120 

V'PDfd 

i0 

’  0/ '  9/8  3 

2o:*f 

920 

2,605 

450 

1600 

■  "vai  <3  pate 

TE5T5TO«fD 
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SINGLE  T DOTH  FATIGUE  TEST 
VASCO  X2M  HAH  DATA 
HEAT  TREATER  *A“  (SUMMIT  GEAR) 


APPENDIX  Q  SINGLE  TOOTH  BENDING  FATIGUE  TEST  RAW 
DATA 
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HEAT  TREATER  A(SUMMIT  GEAR)  LOADING  IB 


RUNOUT,  NO  FAILURE 


APPENDIX  R  SCORE  TEST  RAW  DATA 


ROTATING  SCORING  TEST 
9310  RAW  DATA 


HEAT  TREATER  A 

(SUMMIT  GEAR) 

S/N 

TF 

SK  29S71-1 

10A/9A 

389. 

(HILL  HEAT  87885-2 

” 

388. 

CARTECH) 

5A/4A 

408. 

” 

409. 

7A/2A 

444. 

435. 

3A/17A 

406. 

" 

439. 

16A/16A 

414  . 

•• 

440. 

2LA/19A 

422. 

" 

411. 

15A/13A 

420. 

" 

12A/ 1  LA 

424. 

*' 

442. 

8A/14A 

413. 

" 

42C. 

22A/20A 

4  36. 

4  30. 

R-l 


ROTATINC  SCORING  TEST 


VASCO  X2M  RAW  DATA 


HEAT  TREATER  "A" 

HEAT  TREATER  "B" 

(SUMHIT  GEAR) 

(C.I. 

HAYES) 

S/N 

S/N 

Tf 

SK29571-1 

9A/SA 

519 

9B/8B 

4  70 

(MILL  HEAT: 

II 

513 

*1 

489 

5842A.  TELEDYNE 

6A/7A 

538 

10B/4B 

465 

VASCO) 

II 

550 

" 

466 

3A/LA 

550 

6B/5B 

485 

*• 

506 

" 

505 

2A/4A 

532 

7B/3B 

461 

" 

527 

II 

484 

10A/8A 

552 

3B/1B 

500 

542 

It 

483 

SK29S71-2 

8A/9A 

531 

5B/4B 

459 

(MILL  HEAT: 

" 

496 

11 

472 

86!  10,  CARTECH) 

5A/6A 

523 

3B/2B 

468 

" 

531 

'* 

441 

1A/7A 

523 

8B/1B 

471 

" 

543 

" 

458 

3A/4A 

523 

7B/6B 

459 

" 

519 

495 

2A/10A 

538 

10B/9B 

467 

532 

li 

500 

-2 
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APPENDIX  T  BOEING  HELICOPTERS  MATERIALS 

ENGINEERING  LABORATORY  REPORT  M-1M 


MATERIALS  ENGINEERING  LABORATORY  REPORT 


MtLR  NO. 

89*164 


DAT* 

February  1,  1990 


Subject:  CH-47C,  Combining  Transmission  Spiral  Bevel  Input  Pinion 

Gear,  P/R  11405245-10,  S/H  M5373 ;  Metallurgical  Evaluation  of 
Vacuum  Carburized  Gear 


Material:  9310  Steel  per  BMS  7-249,  Type  ill.  Vacuum  Carburized 

Reference:  Army  Contract  0AAG46-82-C-0034 ,  "Aircraft  Quality  High 
Temperature  Carburizing." 


Enclosures:  I  - 1 1  --  Photographic  Documentation  of  Subject  Pinion 

Gear 

III,  IV  &  V  --  Test  Data 

I.  OBJECTIVE 

The  objective  of  this  investigation  was  to  metal lurgi cal ly 
evaluate  the  Subject  gear  to  determine  If  It  conformed  to  the 
metallurgical  requirements  of  the  engineering  drawing. 

II.  BACKGROUND 

The  subject  pinion  gear  was  manufactured  by  Litton  Precision  Gear 
per  the  requirements  of  the  engineering  drawing  with  the  exception 
that  the  pinion  was  vacuum  carburized  rather  than  conventionally 
carburized,  see  Reference.  Vacuum  carburizing  was  accomplished  by 
Summit  Gear  Corp  In  Plymouth,  Minnesota.  The  gear  was  subsequently 
bench  tested  in  a  CH-47C  combining  transmission  at  Boeing  Helicopters, 
and  then  submitted  to  the  Materials  Engineering  laboratory  for 
metallurgical  evaluation. 

in.  test  results 

The  as-received  spiral  bevel  pinion  gear,  P/N  1 14D5245- 10 ,  S/N 
M5373,  Is  shown  in  Figure  1.  The  location  of  the  input  pinion  gear  in 
a  CH-47C  combining  transmission  Is  illustrated  in  Figure  2. 

Visual  and  magnetic  particle  Inspection  of  the  gear  did  not 
reveal  any  discrepancies. 

The  test  data  obtained  from  the  subject  pinion  gear  are  contained 
In  Enclosure  III.  The  residual  stress  profile,  wnich  was  obtained 
using  X-ray  diffraction  techniques,  Is  presented  in  Enclosure  IV. 
Carbon  profile  data,  which  was  obtained  using  the  scanning  electron 
microscope  and  the  associated  wavelength  dispersive  spectrometer,  Is 
contained  in  Enclosure  V. 
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During  this  evaluation,  the  only  discrepancy  noted  was  that  the 
effective  case  depths  on  the  flanks  of  two  bevel  gear  teeth  exceeded 
the  requirements  of  the  engineering  drawing  by  O.QOl  and  0.002  inch 
(see  Enclosure  III).  This  discrepancy,  however,  is  within  the 
tolerances  permitted  by  Boeing  Specification  HS  14.02. 

NOTE:  Although  the  subject  pinion  gear  was  vacuum  carburized, 

rather  than  conventionally  carburized,  the  carburized  areas 
were  evaluated  per  the  requirements  of  02 10-12023-1 .  i.e., 
the  specification  controlling  the  conventionally  carburized 
pinion  gear.  In  all  areas  evaluated,  the  subject  pinion 
gear  conformed  to  the  metallurgical  requirements  of 
0210-12023-1.  For  example:  The  case  displayed  light 
discontinuous  carbides  (Class  A-acceptable) ,  there  was  no 
evidence  of  decarburization,  there  was  no  visible  retained 
austenite,  etc.  A  typical  case  and  core  microstructure  is 
shown  in  Figures  3  and  4. 

IV.  CONCLUSION 

In  the  areas  evaluated,  the  subject  CH-47C  Spiral  Bevel  Pinion 
Gear,  P/N  11405245-10,  S/N  M5373,  conformed  to  the  requirements  of  the 
engineering  drawing  and  related  specifications. 
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FIGURE  3  ,ou* 

TVPICAL  VACUUM  carburized  case  microstructure,  area  shown 
IS  IN  ROOT  FILLET  OF  GEAR  TOOTH.  STRUCTURE  IS  PRIMARILY 
TEMPERED  MARTENSITE. 
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FIGURE  4 

TYPICAL  CORE  MICROSTRUCTURE. 
TEMPERED  MARTENSITE. 
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CORE  HARDNESS  Of  BEARING  SURFACES 
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ENCLOSURE  V 
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CARBON  CONTENT  IN  PINION  GEAR  TEETH  AS  A  FUNCTION  OF  DEPTH  BELOW 
THE  TOOTH  SURFACE. 
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1  Mr .  w.  SoFfa 

I  IT  Research  Institute.  10  west  35th  Street,  Chicago,  IL  60616 
1  ATTN:  K.  McKee 

Kaman  Aerospace  Corporation,  Old  winsor  Road,  Bloomfield,  CT  06002 
1  ATTN:  H.  E .  Showal ler 

lockheed-Cal ifornl a  Company,  A  Division  cf  lockheec  Aircraft  Corporation, 
Burbank,  CA  91503 

1  ATTN:  Technological  Information  Center,  84-40,  U-35,  A-l 

Vougnt  Corporation,  P.0.  0o«  5907,  Dallas,  Tx  75232 

1  ATTN:  D.  M.  Reedy,  2-30110 

McDonnell  Douglas  helicopter  Co.,  5000  East  McDowell  Road. 

Mesa,  AZ  85205-9797 

2  ATTN:  Mr  leo  l.  Sof fa 

McDonnell  Douglas  Corporation,  3855  Lakewood  8oulevard,  Long  Beach. 

CA  90846 

i  ATTN:  Technical  Library,  Cl  290/36-84 

horth^op  Corporation,  Aircraft  Division,  3901  W.  Broadway,  Hawthorne, 

CA  90250 

I  ATTN:  Mgr.  Library  Services,  H.  w.  Jones 

Parker  Hannifin,  14300  Alton  Pkwy.,  Irvine,  CA  92/‘8-1314 
i  ATTN:  C.  Beneker 

Sikorsky  Aircraft,  A  Oiv’sior.  of  United  Aircraft  Corporation,  Mam  $?reel, 
Stratford,  CT  06601 
1  ATTN:  Mel  Schwartz,  Chief  of  Metals 

Teledyne  CAE.  133C  Laskey  Road,  Toledo,  Oh  43697 
)  ATTN;  Librarian 


LTV  Steel  Corporation,  410  OberHn  Avenue  Sw,  Massillon,  OH  44646 
1  ATTN:  Library 

Boeing  Commercial  Airplane  Company,  P.0.  Box  3707,  MS73-43,  Seattle, 

WA  98124 

1  ATTN:  Or.  K.  White 

United  States  Steel  Corporation,  Research  Laboratory,  Monroeville, 

PA  15146 

1  ATTh:  Or.  Hsun  Hu 

Jngersol!  Ranc  Oi1field  Products  Division,  P.0.  Bo*  1101,  Pampa.  7x  79065 
1  AT7h:  Mr.  W.  L,  Hallerberg 

Illinois  Institute  of  Technology,  Metal lurgical  and  Materials  Engineering 
Department,  Chicago,  IL  60616 
I  ATTN:  Or.  Norman  Breyer 

Carpenter  Steel  Division,  Carpenter  Technology  Corporation,  Reading 
PA  19612-4662 

1  ATTN:  Thomas  McCaffey,  Product  Application  Manager 

Latrobe  Stee-  Company,  Latrobe,  PA  15650 
1  ATh:  Robert  Hodder,  Manager  of  Metallurgical  Services 

Teledyne  vasco,  P.0.  Bo*  151.  Latrobe,  PA  15650 
;  ATTh :  Alan  Bayer,  Vice  President  of  Technology 

1  Litton  Precision  Gear,  4545  S.  Western  Blvd,  Chicago 
IL  60609 

I  ATTN  Dale  weired,  Metallurgist 


Speco  Corporation.  Baker  Road,  Sprlnqfield 
Oh  45501 

1  ATTN:  Harry  Harwell,  Chief  Metallurgist 

Summit  Gear,  3131  Vicksburg  lane,  Plymouth 
MN  55447 
1  ATTN:  Dave  Tim 


1  C.I.  Hayes,  000  Wellington  Ave,  Cranston 
R I  02910 

Vacuum  Industries,  Inc.,  5  Middlese*  Avenue,  Somerville 
MA  02145 

1  ATTN:  Mr.  John  H.  Durant 

!  Me Donr*» l :  Douglas  Cc.,  Surface  Combustion,  Maumee 
43537 

1  Pratt  &  w.mtney,  400  Main  Street,  East  Hartford 

CT  06 1 05 

Textron  Lycoming,  55C  Mam  Street,  Stratford 
CT  06497 

i  ATTN:  Dr.  l.  Fiedler 

The  Tor*“ington  Co.,  59  Field  Street,  Torrington 
r  067  90 

i  -TIN.  Mr.  P.  K.  Pearson 


Director,  u.S.  Army  Materials  Technology  Laboratory,  Watertown, 
MA  02172-0001 
2  ATTh:  SLCKKTML 
1  SLCKT -  IMA- V 

1  SLCKT-PR 

1  Dr.  Eric  B.  Kola 

1  Dr.  R.  P.  I.  Adle" 

6  Dr.  Martin  6.  H.  Weils 

1  Mr.  Jonathan  S  Montgomery 


